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LETTER TO THE EDITOR

Scanning Tunneling Microscopic Images of Adsorbed Serum Albumin
on Highly Oriented Pyrolytic Graphite

Human serum albumin molecules, adsorbed on highly oriented pyrolytic graphite (HOPG), have
been observed by scanning tunneling microscopy (STM) in air. The images show the details of sub-
molecular domains as well as individual molecules with a resolution better than 20 A, The observed
domain arrangement agrees with the expected size and structures of albumin, suggesting that little de-
naturation has occurred on HOPG. This work further demonstrates that the direct observation of bio-
molecules by STM is probable. @ 1988 Academic Press, Inc.

Scanning tunneling microscopy (STM) has enabled
scientists to probe structure and topography at the Ang-
strom level. STM has been successfully applied to con-
ducting and semiconducting materials (1, 2). Application
to biomaterials, however, seems to be a controversial sub-
ject. Adsorbed biological substances are normally insulators
and are generally mobile. Thus they are difficult to “see”
by STM. Although such difficulties can be overcome by
surface coating with conducting materials (3, 4), the direct
observation of biomaterials is more attractive, as direct
observation minimizes artifacts and makes in situ mea-
surements possible, A few published papers have given
images of bacteriophage (5), DNA (6, 7), lipid bilayers
(8), and proteins (9, 10) though the image formation
mechanism remains unexplained. Our STM experience
suggests that biological substances can be sensed by STM,
depending on the type of molecular species, its adsorbed
state, its hydration degree, the tip shape, the stability of
the STM instrument, efc. In this report we present two
STM pictures of protein molecules adsorbed on highly
oriented pyrolytic graphite (HOPG). The images reveal
the best resolution so far achieved by STM on proteins.
The result unambiguously indicates the feasibility of direct
observation of biomacromolecules with STM.

Human serum albumin has a concentration of about
42 g/liter in plasma and constitutes 60% of the mass of
plasma proteins (11). It is a single polypeptide chain con-
sisting of 584 amino acid residues and having a molecular
weight of about 69,000. Albumin has a strong internal
structure, held firmly together by 17 disulfide bridges. Fig-
ure 1 shows the three-dimensional molecular model. The
molecular shape is generally taken as an ellipsoid with
dimensions of 40 X 140 A. There are three domains within
the molecule. The domain structure is believed to be a
cylinder formed by six a-helices (11).

The STM images of human albumin are presented in
Fig. 2. Figure 2a shows one adsorbed human albumin
molecule and some parts of two other molecules on HOPG.
They have different orientations. The molecular dimen-
sions are 120 A in length and 60 A in width. The slight
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deviation in dimensions of the adsorbate from those of
the above model may be caused by slight collapse of the
native structure in the relatively dry air environment. Three
cylindrical, parallel domains can be observed, as expected
from the model, suggesting that the surface denaturation
is not extensive. In addition to domains, some side loops
connecting the domains can also be seen. The fact that
domains can be distinguished means that the resolution
isabout 10 A, The flat regions around the adsorbed mol-
ecules have been identified as bare HOPG. In fact, the
tiny ripples along the scanning lines in Fig. 2b are the
corrugation of graphitic carbon atoms, commonly ob-
served by STM on HOPG (1). The surface depression to
the left of each adsorbed molecule is considered an influ-
ence of the adsorbed species. This area should actually be
the flat substrate, which can be confirmed by the existence
of the atomic corrugations in that region. Similar obser-
vations have been reported (12).

Figure 2 gives information on adsorption as well. Certain
carbon materials have long been considered to have ex-
cellent biocompatibility (13, 14). One of the hypotheses
is that there is not much denaturation of proteins adsorbed
on a carbon surface. Although HOPG is not quite the
same as those carbon materials, its adsorbing behavior
may still imply that this hypothesis is reasonable. The al-
bumin molecules essentially kept their native state in the
presence of interactions between the adsorbate and the
adsorbent. From this respect it is worth studying the ad-
sorption under water in the future.

In summary, we have been able to obtain STM images
of albumin and of its domain structure on HOPG. This
work confirms that STM can be employed to study some
biological substances under certain experimental condi-
tions, such as for protein adsorption on conducting sub-
strates. We have observed several different proteins de-
posited on HOPG. We consider that the image formation
mechanism is related to charge transfer processes in the
protein (15). By the aid of scanning tunneling spectroscopy
(STS) (16), STM might become a powerful tool to study
the electronic properties of proteins.
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FIG. 1. Backbone three-dimensional model of serum albumin. In this model the wire represents the
peptide backbone and the spheres represent disulfide bridges in the long loops. (a) Side view of the model.
The three domains are antiparallel to one another. (b) Top view of the same model. The length is 140 A
and the width 40 A for the entire molecule (from Ref. (11) by permission of the author).

Journal of Colloid and Interfuce Science, Vol. 126, No. 2, December 1988



FiG, 2. Images of human albumin on HOPG. The picture dimensions are 200 A in the horizontal (x)
and 160 A in the vertical (y) directions. Since the adsorbate has a very different electronic structure from
the substrate, the height ( z direction) could not be directly measured. Both (a) and (b) show several different
molecules. Three domains can be clearly seen (a). The ripples on the raster lines in (b) are the corrugations
of carbon atoms of the HOPG. The sample was prepared by depositing a droplet of albumin (Calbiochem)
in phosphate-buffered saline solution (pH 7.4, 10 ppm albumin) onto freshly cleaved HOPG and then the
droplet was removed by capillarity with a tissue. The sample was then flushed with water for 10 s and was
dried at room temperature for 5 h before observation. The STM was operated in air with a bias voltage of
200 mV, tunneling current of 4 nA, and high feedback gain. The tungsten tip was electrochemically etched
in 2 M KOH. Constant height mode was used with the scanning rates 40 Hz in x and 0.05 Hz in y.

652
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Scanning tunnelling microscopic images of amino acids

by L. FENG, C. Z. Hu and J. D. ANDRADE*, Department of Bioengineering and Center
for Biopolymers at Interfaces, University of Utah, Salt Lake City, Utah 84112, U.S.A.
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SUMMARY

We present images of amino acids adsorbed on highly orientated pyrolytic graphite (HOPG)
obtained with the scanning tunnelling microscope (STM) in air. Individual molecules can be
observed although the majority of adsorbates appear to form clusters. In the case of leucine,
methionine, and tryptophan, two molecules often associate together to form a dimer. Single or
dimer glycine molecules were not seen, but a cluster of a number of them was observed. The
various adsorbed states may be related to the different interactions between the amino acids and
the graphite surface. The mechanism of image formation of the amino acids is probably related
to charge transfer mechanisms.

The scanning tunnelling microscope (STM) has been used for studies of a number of organic
and biological substances, including copper phthalocyanine Gimzewski et al. (1987), sorbic
acid, Smith (1987), bacteriophage, Baro ez al. (1985), DNA, Travaglini ez al. (1987) and
Lindsay & Barris (1988), proteins, Dahn ez al. (1988), and lipid bilayer, Smith et al. (1987) on
various substrates. The results have indicated that the STM may be applied in biology owing to
its high resolution, ambient and under-liquid working conditions, and easy operation. Here we
report the STM observation of four amino acids adsorbed on highly orientated pyrolytic
graphite (HOPG).

The STM was provided by the Tunneling Microscope Co. based on the D. Smith design,
Smith (1987). The HOPG, from Union Carbide, was readily peeled with a tape. Tryptophan
(trp) was from Calbiochem-Behring Co. and glycine (gly), leucine (leu), and methionine (met)
were from Sigma Chemical Co. Their chemical structures and planar dimensions based on the
CPK® atomic models (Ealing Corp.) are shown in Fig. 1. Their aqueous solutions were
prepared by dissolving amino acids in pure water (10 MQ/cm). The concentrations wereall 0-1
mg/ml for the STM measurement. A drop of the solution was placed on a freshly cleaved
HOPG surface for 5 min before the surface was flushed with ultra-pure water for a very short
time. The adsorbed specimens were dried at room temperature and normal pressure for at least
overnight before the image was taken. The STM study was performed in air. Constant height
mode was used as it gave better resolution and less distorted images than the constant current
mode, Smith (1987). In this mode the gap distance is held invariant, and the tunnelling current

*To whom correspondence should be addressed.
(©) 1988 The Royal Microscopical Society
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Met Trp

Fig. 1. Chemical structures and molecular sizes, estimated from the CPK® atomic models, for the four amino
acids.

Fig. 2. Images of deposited trp. (2) Low magnification image. (b) High magnification graphitic image of the
upper left part of (a). () High magnification trp image of the lower right part of (a).
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changes according to the surface contour and composition during x-y scanning of the tip. Itis
this change that provides information on the adsorbed species. The tungsten tip was electro-
chemically etched in a 2 M KOH aqueous solution (Smith, 1987). Operating parameters
included 1-2 nA tunnelling current, 0:2-0-8 V bias voltage, and 1 kHz scan rate in X direction
and 1 Hzin Y direction. The images were displayed by a grey-scale oscilloscope and the pictures
were taken by a CRT camera.

In order to assure that amino acid molecules could be observed under the STM, a relative
large amount of trp was deposited on HOPG without flushing. Figure 2(a) shows that there are
two rows dividing the picture into two parts. When the magnification was increased 10 ten
times, the image of the upper left part, Fig. 2(b) is that characteristic of a typical HOPG surface.
The lower right part, Fig. 2(c) shows no graphitic character, however, and the surface was
much rougher. Here the current variation reached 5 nA during scanning. Since these two
pictures were taken under identical conditions and almost simultaneously, it is thought that
they represent two different surface states. The latter, Fig. 2(c) image, should be of the
adsorbate layer and the rows in Fig. 2(a) are presumably its edge. Therefore, amino acids can
change the tunnelling current and can be detected by the STM. The principle of the STM has
been described in detail, Hansma & Tersoff (1987). Amino acids and proteins have long been
thought to be semiconductors since charge transfer can occur between their functional groups
with the aid of impurities, such as metal ions or water (Gutmann & Lyons, 1967; Jortner &
Bixon, 1987); particularly, sorbed water may play a very important role (Panitz, 1987). Water
could ‘raise the dielectric constant and therefore stabilize the electron-hole pair, thus increasing
the number of charge carriers’, (Eley & Leslie, 1963), which would enhance the tunnelling
current via charge transfer mechanisms.

The majority of the images showed segregated clusters. The non-uniform distribution was a.
routine observation in these studies. Despite their rare occurrence some individual molecules
were observed and they are clearly shown in Figs. 3-6 for each of the four amino acids. We
suggest that the bright humps represent the amino acid molecules because: (a) the dimensions
of the four species, estimated with reference to the graphitic crystal lattice, agree with those
from the molecular models (see the insertions in each figure); (b) the ‘bright humps’ were
frequently observed for the adsorbed samples but similar images were not seen on clean HOPG

5A

Fig. 3. Gly image. The insertion is the molecular size, based on CPK models, of the same magnification as the
image. A number of gly molecules apparently pack together. The distance in between is about 3A.
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5.A

Fig. 4. Trp image. The insertion is the molecular size, based on CPK models, of the same magnification as the
image. A dimer of two parallel packed molecules can be seen. The distance in between is about 9 A,

o
5A
Fig. 5. Leu image. The insertion is the molecular size, based on CPK models, of the same magnification as the

image. Three leu molecules can be seen, two of which are associated to form a dimer. The distance between the
two is about 5 A.

surfaces or on a control sample which had undergone identical sample preparation procedures
except for no amino acids; (c) taking pictures of the bright humps proved to be difficult since
they tended to escape very easily due to their weak interactions with the substrate; (d)
adsorption from the atmosphere was not given strong consideration because graphite surface
images were routinely obtained on ‘clean’ HOPG, even samples used several days after
cleavage; (e) hydrocarbon impurities, if any, are not normally seen by STM, (Schneir &
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5A

Fig. 6. Met image. The insertion is the molecular size, based on CPK models, of the same magnification as the
image. One met molecule is lying horizontally on HOPG. Dimers were often observed but the pictures are poor in
quality.

Hansma, 1987); and (f) all the pictures in this paper are representative of many observation
events.

It is interesting to look at the molecular packing of the different adsorbates. The simplest
amino acid, gly, formed arrays, each of which contains a number of gly molecules (Fig. 3).
Another characteristic is the dimer aggregation for both trp and leu (Figs. 4 and 5). Dimers
were also observed with met. The dimer or trimer phenomenon was not uncommon except for
gly. In fact it was very difficult to spot a single separated molecule, such as met in Fig. 6. A
dimer was not a double tip artefact because not everything on the image was doubled. It is
thought there are two reasons for the dimer or multimer formation. Amino acids can form
pairwise ‘side-on’ associations in their aqueous solutions, (Lilley, 1985). The dimer association
may remain intact during the adsorption process. On the other hand, a single amino acid
molecule does not have a strong interaction with the HOPG surface. Without the association, it
would be quite volatile due to its low molecular weight. This explains its observed mobility
under the STM observation. That is why we often located one single molecule but it soon
disappeared before we could take a picture. Those that were imaged may have adhered to some
sort of surface defect, which could increase adsorbent-adsorbate interactions. The smaller
amino acids require more intermolecular interactions in order to form a stable adsorbed state. It
is why we only saw gly clusters rather than dimers.

At this time the possibility of selective adsorption of impurities cannot be completely ruled
out and further work is necessary, such as scanning tunnelling spectroscopy, (Smith, 1987).
Although we have much more to observe and to learn about electron tunnelling and STM
analysis of amino acids and larger biomolecules, it is clear that STM offers considerable
potential for surface studies of biomolecules.
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L. Feng, J.D. Andrade*, and C.Z. Hu

Department of Biocengineering & Center for Biopolymers at Interfaces
College of Engineering
University of Utah
Salt Lake City, Utah 84112
U. 5. A.

(Received for publication April 09, 1989, and in revised form July 29, 1989)

Abstract
We applied scanning tunneling
microscopy (STM) to the observation of

amino acids and proteins deposited and/or
adsorbed on highly oriented pyrolytic
graphite (HOPG) .

Although many guestions
is demonstrated that relatively high
resolution images of uncoated proteins
can often be obtained in air. We present
images of five amino acids (glycine,

remain, it

leucine, lysine, methionine and
tryptophan) and three proteins (lysozyme,
albumin and fibrinogen) under various

conditions cof deposition and adsorption.
We discuss the role of affinity of the
amino acids and proteins to the
substrate, their adsorbed states and
distribution, and S8TM tip-induced
deformation and/or destruction.

STM studies of adsorbed proteins are
expected to provide useful and even
unique information on the conformation
and packing of the proteins.
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Introduction
Scanning tunneling microscopy (STM)
is a new and fast growing surface
analysis and imaging technique. In the

seven or so years since its invention by
Binnig and Rohrer (Binnig et al., 1982);
STM has been gradually increasing in
popularity in the imaging of conducting
and semi-conducting surfaces (Binnig and
Rohrer, 1985, Quate, 1986, and Hansma and
Tersoff, 1987). Such rapid progress is
due to the unparalleled capabilities of
STM compared with other forms of
microscopy: (1) ultra-high resolution
down to atomic dimensions, (2) three-
dimensional images, especially with a
very high sensitivity in the wvertical
direction, (3) a wvariety of operating
conditions, including wvacuum, air and
even liquids, (4) observation range from

107° to 107*% m, (5} the skility to do
tunneling spectroscopy, and (6)
relatively inexpensive equipment.

The operating principle of STM is
surprisingly simple. When a metal
needle-like probe (tip) is brought close
enough to a conducting surface (1-10
Angstroms), electrons tunnel through the
gap between the tip and the surface under
an appropriate bias voltage, producing a
tunneling current. The tunneling current
is a function of the bias voltage and the
shape of the barrier (related to work
function) and is extremely sensitive to
the gap distance. The tunneling current
is changed by a factor of 10 when the
distance changes Jjust 1 Angstrom for a
local work function of 4 eV. It is this
strong distance dependence that is the
reason for STM's high vertical
resolution. When the tip is rastered
across the surface using a piezoscanner,
a feedback network adjusts the height of
the tip above the substrate surface to
keep the tunneling current constant; this
is called the constant current mode.
Alternately, the change in the tunneling
current can be recorded at a constant tip
height: the constant height mode. In
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both modes a surface topographical map is
obtained (Hansma and Tersoff, 1887), as
in Figure 1, if the substrate has a a
chemically homogeneous surface. Suppose
there is an adsorbed molecule on a
conducting surface; it may perturb the
magnitude of the local tunneling current
due to a change in local work function.

The molecule is "imaged"” through the
change of the 1local current. This is
the probable mechanism by which an
adsorbate is detected by STM (Panitz,
1987 and Spong et al. 1989). Since the
adsorbate usually does not have the
identical <chemical composition and

structure as the substrate, the tunneling
current map does not necessarily
represent the same surface topography.
Since our group has a strong
involvement in the study of proteins at
interfaces (Andrade, 1985), we have a
particular interest in applying STM to
this area. OQur rationale is as follows:
conventional TEM or SEM generally needs a
high vacuum system, which often distorts
the protein native state. Often a
coating 1s necessary to minimize sample
charging and to enhance the contrast;
such coating can easily introduce
artifacts and thereby decrease the useful
resolution. Labeling adsorbed proteins
with heavy metals, such as gold, does not
give a sufficiently high resolution in

the SEM, and it depends on labeling
efficiency and other factors. However,
with an in-air-operated STM it 1is

possible to observe proteins in their
hydrated state in a humid environment.It
is even possible to see proteins in
solution with an appropriately designed
and c¢onstructed STM. Proteins are
considered semiconductive in their usual
hydrated state (Jortner and Bixon, 1987).

Piezoscanner

| d

Figure 1.

The resolution of STM for protein
molecules should be higher than in SEM or
TEM. S0 long as the substrate conducts
electricity, STM may be employed.

A brief review of STM applications in
biology

Listed here are the major obstacles
in applying STM to the study of proteins.
(1) They are, in general, poor conductors
of electricity so that they may not
significantly alter the tunneling
current; (2) they are relatively soft
and flexible so that they tend to "smear
out" the image and lower the resolutiocon
because of their motion and relaxation in
the presence of the tip and the applied
electric field; (3) their molecular
structure is often not well characterized
se that image interpretation is
difficult; and (4) they may have weak
interactions with the conducting
substrate to which they are attached so
that they are often perturbed or moved by
the moving tip. Nevertheless, many
biclogical as well as organic substances
in different forms have been observed by

STM. A few review papers are now
available (Hansma et al., 13988 and
Zasadzinski, 1989).

The wvery £irst paper of STM images
of a biological substance, DNA, appeared
in 1983 (Binnig and Rohrer, 1983),
unveiling the possible application of STM
in bkiology. Barc et al. (1985,1986)
reported the surface topography of
bacteriophage f29 on graphite There have
been a number of papers on imaging
Langmuir-Blodgett films on different
substrates by STM, with arachidate on
graphite (Smith et gl , 1%87),
dimyristoylphosphatic acid on both

Tunneling current
$ v

Piezoscanner

Tip

Schematic expression of operating principles

b

of scanning tunneling

microscopy in either the constant current mode and constant height mode.
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graphite and gold (Horber et al., 1988),
o-tricosenoic and 12,8-diynoic acids (Cd
salts) on silicon wafer and graphite
(Braun et al., 1988). It seems that with
such regularly packed structures, the
molecules are much easier to image and
distinguish and the resolution is higher
compared to individual or randomly packed
molecules. The same is true when imaging
liquid crystals (Foster and Frommer, 1988
and Spong et al., 1989) and TTF-TCNQ
crystals (Sleator and Tycko, 1988).
Stemmer et al. (1987) have managed to
image Dbiological membranes {porin
membrane) . Membranes prepared by freeze-
fracture replica methods show much more
detail (Joseph et al., 1988). Studies of
single stranded DNA have produced
impressive results. Travaglini et al.
(1987) started the study of bare DNA
molecules. Later the same group obtained
images of DNA by means of conducting film
coatings (Amrein et al., 1988). Beehe et
al.(1989) achieved a similar resolution
on uncoated double-stranded DNA using
STM. DNA images under water were
obtained by Barris et al.(1988) and
Lindsay et al. (1989).

Few papers have dealt with the
subject of STM observation of proteins.
One of the earliest papers on protein STM
images was by Dahn et al.(1988). While
their work was mainly on bacterial
sheaths, a globular protein, ovalbumin,
was imaged. The molecules had become
flattened and elongated presumably due to
the dehydration. Horber et al. (1988)
studied Concanavalin A embedded in a
lipid film. They claimed that the four
subunits of Con A might be seen. Simic'—
Krstic' et al. (1989) recently observed
microtubules on graphite fixed in 0.1%
glutaraldehyde in both freeze dried and
hydrated states. Microtubules freguently
appeared buckled, semiflattened and/or
twisted. Collagen strands of 15
Angstroms in diameter on graphite were
imaged by Voelker et al. (1988). They
suggested that the periodic spikes from
the strand represented pyrrolidine rings
of the proline and hydroxyproline amino
acid residues. In contrast to the DNA
images, proteins on a conducting
substrate generally show a less defined
structure and poorer resolution.

Since protein adsorption properties
play an important role in the
applications of biomaterials, we believe
that it is worthwhile to utilize STM to
explore the details in conformation and
packing of adsorbed proteins. STM may
also provide information on the
electronic structure of proteins which
will certainly benefit molecular
electronics studies. In the rest of the
paper, we will introduce our published
and unpublished STM work on five amino
acids and three proteins (Feng et al.,
1988 and 1989) .

A g
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The substrate was highly oriented
pyrolytic graphite (HOPG) from Union
Carbide. BAs a routine substrate for STM,

HOPG is a semimetal and relatively inert
material, Cleaved by an adhesive tape,
HOPG readily provides a large (1 mm x 1

mm) clean area with an atomically flat
plane. Tryptophan (trp) was from
Calbiochem and glycine {gly), leucine

(leu), lysine (lys), and methionine {met)
were from Sigma. Hen lysozyme was from
Calbiochem, human serum albumin from
Calbiochem and human fibrinogen from
Calbiochem and Sigma. The amino acids
and proteins were dissolved either in
ultra-pure water (10 MQ/cm) or in pH 7.4
phosphate buffered saline (PBS); amino
acid concentrations were 0.1 mg/ml and
protein concentrations were from 0.001
mg/ml (1 ppm) to 0.1 mg/ml (100 ppm) . A
droplet of the solution was pipetted onto
a newly cleaved HOPG surface, which was
either promptly removed by capillarity
(for a deposited sample) or allowed to
rest for 5 min before being flushed with
ultra-pure water (for @dn adsorbed
sample) . All samples were dried at room
temperature and ambient atmosphere (22°C
and 20-50% R.H.).

Our STM was provided by the
Tunneling Microscope Co. (Smith, 1987).
STM tips were prepared by electrochemical
etching a tungsten wire, 0.5 mm in
diameter, in a 2 M KOH solution under a
20-30 V a. c¢. potential. The tips had
diameters from 0.1-1 mm at the end as
measured by TEM. STM was operated 1in
air; both constant height and constant
current modes were used. Parameters for
& typical constant height mode were 200—
800 mV bias voltage (Vb), tips being
negative with respect to samples, 1-2 na
tunneling current (It), 1 KHz scan rate
in x direction and 1 Hz in y direction.
Parameters for a typical constant current
mode were 50-400 mV bias voltage, tips
being negative with respect to samples,
1-4 nA tunneling current, 30 Hz scan rate
in x direction and 0.05 Hz in v
direction. The magnification was
calibrated by the lattice parameters of
HOPG substrate. Real-time images were

processed by a band pass filter to
minimize high frequency noise, and
displayed by an oscilloscope. The
pictures were recorded from the

oscilloscope by a CRT camera.

Results and discussion

(Feng et al., 1988)

We first studied the amino acids
since they are the simpler building
blocks of complex proteins. All five
amino acids adsorbed on HOPG were easily
seen as aggregates (Figure 23 .
Adsorbates occupied roughly 5-10% of
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Figure 2, (a) Molecular formulas of the five aminc acids. (b) - (g) Amino acids
adsorbed from 0.1 mg/ml agueous solutions on HOPG as aggregates: (b) Gly (Vb = 500 mv,
It = 1 nA, 25 Angstroms/div): (c) One of the humps in (b), 2.5 Angstroms/div; (d) Lys

(Vb = 300 mV, It = 1 nA, 25 Angstroms/div); the white vertical lines are photo defects;
(e) Higher magnification of (d), 2.5 Angstroms/div; the white vertical lines are photo
defects; (f) Met (Vb =800 mV, It = 1 nA, 25 Angstroms/div); (g) Higher magnification
of met (Vb = 300 mv, It = 1.8 nA, 2.5 Angstroms/div). In (¢}, (e) and (g), individual
molecules can be barely seen. Constant height mode was used.

402



STM studies of proteins

total surface, according to a statistical
estimate with many regions., This value
is much less than that expected from our
radioisotope measurements, which gave
about 80% coverage if monolayer
adsorption was assumed. The discrepancy
may be due to: (1) the presence of
multilayer adsorbates which had been
truncated by the STM tip because the gap
distance was of the order of 1 Angstrom,
(2) loss of adsorbates from the substrate
when they were impounded by the rigid
tip, and/or (3) incapability of imaging
some adsorbates since they did not modify
the tunneling current. From Figures 2
(c), (e) and (g) one could distinguish a
few single molecules in those clusters.
The apparent difference in their sizes is
thought due to their different distances
to the tip since they were randomly
packed. More often than not, separate
individual amino acid molecules were hard
to. £ind; presumably due to weak
interactions between them and the
substrate, Sometimes a molecule was
spotted but it guickly disappeared from
the image before a picture could be
taken.

Occasionally, a few amino acid
molecules were caught and imaged with
better resclution, as in Figure 3. We
suggest that the bright humps represent
amino acid molecules because: (1) the
dimensions of the three species,
estimated with reference to the graphite
crystal lattice, agree with those
expected from the molecular models (see
the insertions in each figure); (2)
"bright humps" were frequently observed
for the adsorbed samples but similar
images were not seen on c¢lean HOPG
surfaces or on a control sample which had
undergone identical sample preparation
procedures except for no amino acids; (3)
taking pictures of the bright humps
turned out to be difficult since they
tended to escape very easily due to their
weak interactions with the substrate;
(4) adsorption from the atmosphere was
not given strong consideration because
graphite surface images were routinely
obtained on "clean" HOFG, even samples
used several days after cleavage; (5)
hydrocarbon impurities, if any, are not
normally seen by STM, Schneir and
Hansma(1987); and (6) all the pictures in
this paper are representatives of many
observation events. Dimers or trimers
are relatively more stable than monocmers
in terms of dinteractions with the
substrate so that they were immobile for
a sufficient time for producing a
photograph. No dimers or even trimers
could be seen on gly samples because of
gly's much smaller molecular weight and
size,
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Figure 3. Images of individual amino
acid molecules with constant height mode.
The graphite substrate can be seen
underneath. The insertions are the
molecular sizes based on CPK models of
the same magnification as the images.
(z2) Gly image (1.9 Angstroms/div in x and
3.2 Angstroms/div in y), a number of gly
molecules apparently pack together; (b)
Leu image (2.8 Angstroms/div in x and 3.2
Angstroms/div in y), three leu molecules
being seen, two of which are associated
to form a dimer; () Trp Image (3.3
Angstroms/div in x and 3.8 Angstroms/diwv
in y), & dimer of two parallel packed
molecules being seen.
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Hen egg-white lvysozvme

Hen egg-white lysozyme is a small
compact protein with molecular weight of
14,600, made up of a single polypeptide
chain of 129 amino agcids. Four
disulfide bonds cross—-link the molecule
and provide high stability. Lysozyme has
an ellipsoidal shape, with dimension of
45 x 30 x 30 Angstroms (Stryer, 1988).
ESCA measurement, Figure 4, shows that
lysozyme has a large affinity for HOPG.
The adsorbed monolayer (the plateau of
the adsorption isotherm) was formed
within 5 min even when the solution
concentration was as low as 0.01 mg/ml,
and wvirtually no desorption was detected.

2
=
L1b]
fa)]
=
Z2 v Amount of monolayer: 5.5 %
1
0 1 1 I 1 2 1 1 1 L 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Concentration, mg/mi
Figure 4. Lysozyme adsorption isotherm

detected by ESCA éHP 5958C); adsorpticon

time 5 min at 22 C, and water rinse 1
min.

In Figure 5(a), adsorbed lysozyme 1is
observed by the constant height mode.
The molecules apparently collapsed and
merged into a rough film. The adsorbate
film was apparently thin enough to have
avoided being cut through by the STM tip.
A very small number of molecules remained
roughly of globular shape (Figure 5(b)).

But this time their top portions were
apparently truncated by the tip. In
order to image the whole molecule, the

constant current mode should be a better
method for molecules with dimensions of
more than several Angstroms.
Figure 6 is the image
constant current mode. Again no
individual molecules are recognizable
even with higher magnification. Compared
with Figure 5{(a), this picture shows much
rough adsorbates with many "hills" and
"valleys"™. One of the reasons might be
that the constant current mode tolerated
much larger sized objects since the tip
tried to go over them. Another possible
reasgn 1s that the tip tended to
mechanically push the molecules and piled
them up if they did not enhance the

using the
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Figure 5.
lysozyme on HOPG,
0.1 mg/ml concentration,
5 min at 22 C, and water rinse 1 min; STM

STM images of adsorbed
adsorption conditions:

adsorption time

conditions: constant height mode, Vb =
800 mV, It = 2 nA. (a) Most lysozyme
molecules merged into a rough adsorbed
layer, bar = 40 Angstroms. (b) In wery

few cases globular molecules remained but
their top portions were apparently
truncated by the tip, bar = 40 Angstroms.

tunneling current sufficiently to provide
responze in the gap distance adjustment.
The latter perhaps dominated since
lysozyme molecules had high resistivity
and therefore were hardly "seen"™ by the
tip.
Hum 1 (Feng et al., 1988)
Human serum albumin consists of a
single polypeptide chain of 584 amino
acids with a molecular weight of about
69,000. Albumin has a strong internal
structure, held firmly together by
seventeen disulfide bridges. Figure 7
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Figure 6.

STM images
of adsorbed lysozyme on HOPG,

{100 Angstroms/div)
adsorption
conditions: 0.1 mg/ml concentration,
adsorption time 5 min at 22°C, and water
rinse 1 min; STM conditions: constant
current mode, Vb = 300 mV, It = 1.8 na.

shows the three-dimensional molecular
model (Brown and Shockley, 1982). The
molecular shape is generally taken as an
ellipsoid with dimensions of 40 =x 140
Angstroms. There are three domains
within the molecule. The domain
structure is believed to be a cylinder
formed by six a-helices. This structure
has now been partially confirmed by the
recent X-ray crystal structure analysis
(Carter et al., 1989).

The STM images of human albumin are
presented in Figure 8 although they have
been difficult to repeat. Figure 8 (a)
shows one adsorbed human albumin molecule
and some parts of two other molecules on
HOPG. They have different orientations.
The molecular dimensions are 120
in
in

Angstroms in length and 60 Angstroms
slight

width. The deviation
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dimensions of the adsorbate from those of
the above model may be caused by slight
collapse of the mnative structure in the
relatively dry air environment. Three
cylindrical, parallel domains can be
observed, as expected from the model,
suggesting that the surface denaturation
may not be extensive. In addition to
domains, some side lcoops connecting the
domains can alsc be seen. The fact that
domains can be distinguished means that
the resolution is about 10 Angstroms.
The flat regions around the adsorbed
molecules have been identified as bare
HOPG. In fact, the tiny ripples along
the scanning lines in Figure 8(b) are the
corrugation of graphitic carbon atoms,
commonly observed by STM on HOPG. The
surface depression to the left of each
adsorbed molecule is due to the delaved
time response of the tip, which was
scanning from right to left, Figure 8
gives information on adsorption as well.
The albumin molecules essentially
maintained a nearly native state in the
presence of interactions between the
adsorbate and the adsorbent. There has
been little apparent denaturation.
Human fibrinogen

The importance of fibrinogen
adsorption to the understanding of the
blood-compatibility of materials and the
melecule's unigue three-nodular structure
lured us to observe it with STM.
Fibrinogen igs a big protein with
molecular weight of 341,000. From the
molecular model in Figure 9(a), we see
that its dimensions are approximately 450
Angstroms in length and 65 Angstroms in

diameter (Williams, 18981). Although we
never succeeded in imaging an intact
fibrinogen molecule, it turned out that
we have ended wup with much more
information about STM itself.

Figure 9(b) displays a typical
fibrinogen molecule, which looks like a
"slab". Referring to Figure 9(a), one

realizes that the macromolecule observed

Figure 7. Backbone 3 dimensional
model of serum albumin. In this
model the wire represents the

peptide backbone and the spheres
represent disulfide bridges in the
long loops. The three domains are
antiparallel to one ancther. The
length is 140 Angstroms and the
width 40 Angstroms for the entire
molecule (from Brown and Shockley,
1982 by permission of the author).
See reference.
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Figure 8. Images of human albumin on
HOPG. The picture dimensions are 200
Angstroms in the horizontal (%) and 160
Angstroms in the vertical (y) directions.
Since the adsorbate has a very different
electronic structure from the substrate,
the height (z direction) could not be
directly measured. Both (a) and (b) show
several different molecules. Three
domains can be clearly seen (a). The
ripples on the raster lines in (b) are
the corrugations of carbon atoms of the

HOPG. The sample was prepared by
depositing a droplet of albumin PBS
solution (10 ppm albumin) onto freshly

cleaved HOPG and then the droplet was
removed by capillarity with a tissue.
The sample was then flushed with water
for 10 sec and was dried at room
temperature for 5 h before observation.
The STM was operated at a bias voltage of
200 mV, tunneling current of 4 nA and
high feedback gain. The constant current
mode was used.
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v

30 Angstroms

65 Angstroms 50 Angstroms

450 Angstroms

d

Figure 9. (a) A fibrinogen molecular
model from Williams (1981); the globular
domains at both ends may be elongated (90
x 40 Angstroms). (b) A typical fibrinogen

molecule observed by STM on HOPG
(deposited from a 20 ppm agqueous
solution), constant current, Vb = 200 mV,
It = 1 na, 100 Angstroms/diwv. (c) An
image of 3 separated domains of a
fibrinogen molecule which originally was
a similar slab as the one in (a),
constant current, Vb = 200 m¥, It = 1.5

n&, 100 Angstroms/diwv. The picture was
taken when the trace of water on the
sample just disappeared.
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in Figure 9(b) had been so severely
deformed that it had lost its key
characteristics. While its 1length
remained relatively unchanged its width
expanded to 400 from 65 Angstroms and its
height was reduced to about 15 from 65
Angstroms. The more miserable thing is
that it did not show the three domain
structure. From the deviation of the
molecular dimensions, it 1s reasonable to
suppose that the tip had heavily
squeezed, depressed, and thus distorted
the fibrinogen molecule. Although
fibrinogen has a large molecular size, it
appears to not sufficiently increase the
tunneling current. Thus, the tip could
not discern this huge molecule because it
Jjudged the surface morphology by sensing
the local tunneling current rather than
atomic or molecular topography. Note
Figure 9{(c): the picture started with a
"slab" at the center. A moment later the
"slab" suddenly burst into three "caps",
probably representing the three deformed
node—-like domains. This could occur
because this sample was just barely dried
so the molecule was softer and less
adhered and/or denatured. The linking
chains between the domains had apparently

been fractured such that the domains were
no longer in an axis but rather randomly
scattered.

The "slabs" certainly were not part
of the substrate, as might be suggested,
since they were guite mobile on the
substrate. The whole process is
illustrated in Figure 10. 2 single
molecule did not have sufficient
interaction with the substrate HOEG to
immobilize ditself. As we mentioned
before, owing to some degree of
mechanical contact, the tip was driving
fibrinogen molecules around and they kept
moving until many of them packed
together, which increased their mutual
interaction. This sort of dynamic
process was observed with several
different samples.

Although a few individual molecules
were imaged, the majority of the STM
images showed aggregates of fibrinogen
molecules, as in Figure 11, in which the
lower left hand flat region was the HOPG
substrate. In spite of our attempt to
create the conditions favoring the
formation of separate molecules, their
distribution seems to have nothing to do
with the methods of preparation of

min later B merged to a cluster and its motion stoppd )

Figure 10.
200 mv, It = 3 nA, 100 Angstroms/div.
the entire process.

A dynamic process of fibrinogen molecules on HOPG, constant current, Vb =
{a}-(c)

recorded the motion and (d) illustrates
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Figure 11. An
fibrinogen aggregate, whose area was
larger than 1 x 1 mm. The lower left
handed flat region was the HOPG substrate
(Deposited from a 5 ppm PBS sclution,
constant current, Vb = 800 mV, It = 2 nA,
100 Angstroms/div).

adsorbed

edge of

samples, be 1t deposit or adsorption,
whether or not water flushed, and high or
low concentrations of the solutions.
Just as in the lysozyme case, 1t 1is
suspected that the tip had driven and
piled up segregated molecules into
clusters. But this time we have more
confidence in this suggestion, since we
have evidence of such a dynamic process.
Remarks

Although there is no doubt that
protein molecules can be observed on a
conducting substrate by STM, depending on
various circumstances, the difficulty is
how to observe them without altering
their initial adsorbed state, how to
reproducibly obtain similar images, and
under what conditions an adsorbed protein
molecule can be unambigucusly observed.
A number of important guestions have to
be answered: What i1s the mechanism of
image formation of such poorly conductive
substances? What role do the tip
geometry and surface chemistry play?
What is the major interaction between the
tip and a protein molecule: mechanical or
electronic? What effects does the
conducting substrate impose, such as its
deformation, electron density, etc? What
is the role of sample hydration or water
sorption? We are continuing to address
these questions.

Conclusions
Our STM work on proteins adsorbed on
HOPG can be summarized as follows:
(1) Both amino acids and proteins
can be seen by STM under certain
conditions despite some difficulties.
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(2) RAmino acids are adsorbed both as
aggregates and as individual molecules.
Single molecules are apt to escape under
the STM tip since their interactions with
the substrate are weak.

(3) Hen egg-white lysozyme undergoes
a conformational change upon adsorption
and/or STM visualization.

(4) The high resolution images of
human albumin show great promise for STM
applications to protein adsorption.

(5) The STM tip may deform human
fibrinogen due to mechanical contact,
because of its large molecular size and
poor conductivity.

(6) Fibrinogen molecules
over the substrate,
causing

can move
driven by the tip,
them to pile up into clusters.
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Discussion with Reviewers

A Aviram: Can you give a possible
explanation of the conduction mechanism
of the studied proteins?

Authors: At the present time, there is no
general theory which can explain the
contract mechanism of STM images of
poorly-— or even non-conductive
adsorbates. Several hypotheses have been
suggested, however, for some particular
cases. For example: a) sorbed water may
play a role in enhancing the tunneling
current; b) near the Fermi level there
are some empty states which can relay
electrons; c) adsorbates may change the
work function of the substrate underneath
so that the local environment is
different, etc. We did notice the effect
of humidity upon the imaging of amino
acids and proteins as more of these

molecules could be observed in a
relatively humid environment than a dry
one.

410



Surface atomic and domain structures of biomedical
carbons observed by scanning tunneling microscopy (STM)
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STM has been used to study the surface domain and
atomic structures of three biomedical carbons: glassy
carbon (GC), low-temperature isotropic carbon (LTI),
and ultra-low-temperature isotropic carbon (ULTI). The
images show atomic lattices on both GC and LTI, but
not on ULTIL The lattices contain many defects; lattices
in GC are more ordered than those in LTI The images
also show patchlike carbon crystallites with sizes of

3-15 nm for GC, 2-8 nm for LTI, and 1-3 nm for ULTI.
The crystallites form surface domains that may differ
in surface properties due to different orientations of the
crystallites. Mechanical polishing makes the LTI surface
more amorphous and more homogeneous. Based on the
STM observations, we evaluate several hypotheses on the
blood compatibility of biomedical carbons. © 1993 John
Wiley & Sons, Inc.

INTRODUCTION

Biomedical carbons have a reputation for good
biocompatibility.” A number of hypotheses have
been proposed as to how their surfaces interact
with plasma proteins (Fig. 1). One hypothesis*®
states that the carbon surface is chemically inert
and thus does not have strong interactions with
proteins. The adsorbed proteins preserve their native
conformations at the interface because of the lack of
driving forces for their conformational changes upon
adsorption [Fig. 1(A)]. Another hypothesis® proposes
a “domain match” mechanism that is concerned with
protein surface heterogeneity.” If the surface of a
biomaterial is heterogeneous because microdomains
have different surface properties, the adsorbed protein
will experience “balanced forces” at the interface by
matching their surface patches with those of the car-
bon surfaces. The matching may include hydrophobic
interactions, electrostatic forces, hydrogen bonding,
etc. [Fig. 1(B)]. Still another hypothesis*®? suggests
that the carbon surface becomes blood compatible
by becoming coated and passivated by the adsorbed
layer of plasma proteins [Fig. 1(C)]. To test these
hypotheses one needs to understand the surface
structure of the carbon.

“To whom correspondence should be addressed.

Scanning tunneling microscopy (STM) provides
the information on surface electronic structure and
morphology of a sample. It has been widely applied
to conductors and semiconductors because of its
high resolution, high surface sensitivity, and other
capabilities.!’ The conductive nature of biomedical
carbons enables them to be observed under STM.
Although a lot of STM work has been done on
graphite, especially on highly oriented pyrolytic
graphite (HOPG), little has been done on other forms
of carbon. Marchon et al.!! observed small graphite-
like domains on pyrolytic carbon and found that the
domain size is larger for carbon samples pyrolyzed
at higher temperatures. The domain resolution in the
study was limited to 10 nm because of the nature of
their STM tip. In separate work!® they also imaged
atomic structures on surfaces of amorphous hard
carbon films, prepared by DC magnetron sputtering,
abserving small graphitic domains and some five-
membered carbon rings in many disordered areas.
Elings and Wudl®® examined a number of carbons,
including GC. Although some ordered regions
1-3 nm in size and rows of atoms were observed,
no individual atoms were distinguishable except on
the graphite samples. Kakagiri and Kaizuka!* imaged
carbon deposited on graphite with a resolution of less
than 1 nm, seeing hillocks and finding a connection
between roughness and the film thickness. Hoffman
et al.”® documented STM observation of surfaces

Journal of Biomedical Materials Research, Vol. 27, 177—182 (1993)

© 1993 John Wiley & Sons, Inc.
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Figure 1. Schematic representations of three hypotheses on the blood compatibility of biomedical carbons (see text
for details): (a) the inertness hypothesis; (b) the domain matching hypothesis, using hydrophobicity-matching as

an example; and (c) the passivation hypothesis.

of P-55 pitch based carbon fibers before and after
surface treatments. On as-received fibers they saw
some small graphitic regions as large as 20 nm and
many disordered structures at the atomic scale.

We observed the surfaces of three biomedical car-
bons, in as-received and polished forms, by using
STM. We obtained information on the surface mor-
phology, atomic packing, nanocrystallite domains, and
effects of mechanical polishing, at an atomic level.
We discuss three hypotheses (Fig. 1) in terms of STM
observations.

EXPERIMENTS

Glassy carbon (GC) was purchased from Atom-
ergic Chemetals Corp. (Cat. # V25-44). Both low-
temperature isotropic (LTI) carbon (silicon-alloyed)
and ultra-low-temperature isotropic carbon (ULTI)
(deposited on polyethylene terephthalate substrate)
were gifts from Sorin Biomedica (Saluggia (VC), Italy).
All the samples were cut to about 5 mm X 3 mm
pieces by a diamond blade to facilitate mounting in
the STM.

As-received samples were cleaned sequentially in
Milli-Q water (resistance: 15 MQ), acetone (GR, EM
Science), and dichloromethane (AR, Mallinckrodt),
each for 5 min, in a low-power ultrasonic cleaner
(Model 250, E/MC, RIA Research). They were air-
dried after cleaning. The GC and LTI were further
polished by hand. The final polishing was carried out
with a 0.05-um alumina slurry (Buehler) to obtain a
mirrorlike surface. For comparison, a different power
size, 0.3-pum alumina slurry (Buehler), and a different
type of powder, 600-grit emery paper, were also
used during the final polishing. ESCA measurements
showed that all samples had comparable oxygen

content: O/(C + O) signal ratio was 11% for the as-
received, 11% for the emery paper polished, 10%
for the 0.3-um alumina polished, and 11% for the
0.05-pm alumina polished. The cleaning steps were
identical to those used for the as-received samples.
Electron transfer reactions showed that the polished
surface could be further cleaned with the organic sol-
vents. For example, the heterogeneous rate constants,
k°, of ferro-/ferri-cyanide (0.2 mmol/L) reaction on
polished LTI electrodes were 1.5 X 1072 cm/s and
5.3 X 1072 cm/s, before and after they were sonicated
in CHxCly for 2 min. The higher k° suggested the
cleaner surface.

A NanoScope 1T (Digital Inst.) with STM Head-A
was utilized for the measurement. The observation
was performed in air with constant height mode. All
the samples were imaged with mechanically sharp-
ened Ir/Pt tips at a bias voltage of 0.1 V and a tun-
neling current of 1.0 nA. There was a chance that the
sample surface could be modified by the tip-sample
interaction. The factors involved include tunneling
current, bias potential, and properties of the sample
itself (electron density, strength, and hardness). For
instance, due to the difference of their structures, a
layer of graphite is easily removed by a tip, but a
turbpstratic carbon is much more difficult to damage.
To assure that our carbon samples were unmodified
during STM scanning, many other combinations of
voltage (0.02-0.4 V) and current (0.2—3 nA) were also
tested, all resulting in similar images. Whether an im-
age has been filtered is indicated in its figure caption.

RESULTS

Among the three as-received samples the GC
shows the most ordered structure, with many “quasi-
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crystalline” turbostratic patches (domains) of 3-15-
nm size [Fig. 2(a)]. The sandy-grain-like structures on
many domains are, in fact, individual carbon atoms.
These crystallites are thought to orient such that
their basal planes are nearly parallel to the sample
plane because only on the basal plane can ordered
atomic packing be observed. The apparently noisy
regions are considered to be crystallites which expose
their edge planes on the surface. STM cannot probe
these surfaces well becausethey are rough and full of
defects. Figures 2(b) and 2(c) show small regions on
two of the domains. The misplaced atom, shown by
the arrow in Figure 2(b), and line dislocations, shown
by the arrows in Figure 2(c), highlight the lack of long-
range ordering within a single crystallite. The distance
between two visible adjacent atoms measured from
Figures 2(b) and 2(c) is 0.28 = 0.03 nm, while that of
the graphite lattice (picture not included) is measured
as 0.25 = 0.02 nm.

As-received LTI has a rough surface, containing
many large and small granules. Figure 3(a) shows
three large granules with diameters of about 200 nm
and peak-to-valley vertical distances of about 50 nm.
The individual large granules are made up of many
small granules about 40 nm in size. The large granules
are readily seen by SEM,'? but the small granules
have not previously been reported. Although not as
frequently and noticeably as in the case of the GC,
quasi-crystalline patches (domains) are also observed,
shown in Figure 3(b). Compared with their GC coun-
terparts, for LTI the atoms are less orderly packed, the
range of ordering is shorter, and the domain sizes,
2-8 nm, are smaller. It is difficult for STM to image
individual atoms on a disordered surface. If the c-
plane of a carbon crystallite is not oriented parallel
to the sample plane, STM will not show the ordered
atomic packing due to the effects of irregular shape
edges and defects. Meanwhile, the as-received LTI has
a very rough surface, as shown in Figure 3(a). The
roughness, together with small ordered regions, and
random crystallite orientation, made it more difficult
to obtain a good image at the atomic scale. Neverthe-
less, recognizable domains with ordered atomic arrays
were often seen and the images were reproducible.
For example, Figure 3(b) shows at least five such
domains. Figure 3(c) represents one of the LTI images
that display relatively clear atomic structures. The
picture is composed of several domains, possibly with
different orientations.' The upper left area appears
to have little order with loose carbon flakes (white
streaks). We think it could consist of either very poorly
formed basal planes or nonhorizontally oriented basal
planes. The one at the lower right corner is similar.
The area at the upper right, toward the middle, shows
a relatively well organized atomic pattern. However,
its basal planes are wavy rather than flat, and appear
to be closely parallel to the sample surface. On the
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Figure 2. STM images of as-received glassy carbon
(GC): (a) mosaics of patches (domains) with the size of
3—15 nm; (b) a filtered image showing atomic arrays and
a misplaced atom (arrow), where the interatomic distance
is (0.28—0.31 nm; and (c) another filtered image showing
atomic arrays and a few line dislocations (arrows), where
the interatomic distance is 0.22—0.26 nm.

other hand, the edge plane of the lower left area may
be on the sample surface, since the distances between
two adjacent rows are about 0.35 nm, which is close
to the interlayer distance of graphite.
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Surfaces of ULTI appear to be the roughest of
all three. As shown in Figure 4(a), the peak—valley
distance is more than 100 nm. They also have the
smallest domain areas, only 1-3 nm, and the low-

(©

Figure 3. STM images of as-received low-temperature
isotropic carbon (LTI): (a) surface morphology and gran-
ular structure, where the large granules have the diame-
ter of about 200 nm and peak-to-valley distances of about
50 nm, and the small granules have the size of about
40 nm; (b) mosaics of patches (domains) with the size of
2-8 nm; (c) a filtered image showing atomic arrays and
several different domain areas (see discussion in text).
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est ordering in atomic packing. Figure 4(b) typifies
the STM images of the ULTI: Atomic arrays are not
observed.

From the surface atomic structure point of view,
alumina polishing does not change the GC surface
very much, while it significantly modifies the LTI
surface. After polishing, the atomic order of the GC
surface is preserved to some extent. Figure 5(a) rep-
resents such a case, where ordering can still be seen
on the upper part of the picture. Some images with
lower magnification show scratch-like features that
may be due to the polishing. For polished LTI, al-
though the surface becomes much smoother, ordered
atomic structures are gone [see Fig. 5(b)]. Compar-
ing Figure 5(b) (polished LTI) with Figure 3(c) (un-
polished LTI), we realize that the polished surface
has been apparently modified to a more random
and amorphous structure. It also becomes more ho-
mogeneous because the difference among domains
[Fig. 3(c)] disappears.

DISCUSSION

This preliminary study suggests that the ordering
of atomic packing in the three carbons is, in descend-
ing order, GC > LTI > ULTI. The STM observations
suggest that unpolished surfaces of LTI [Fig. 3(c)] are
heterogeneous from domain to domain, realized by
different atomic organizations and crystallite orienta-
tions. The edge plane or the basal plane with many
defects tends to be more energetic and chemically
active than the defect-free basal plane in graphite
crystallites.'®!7 Therefore, one can suggest that the
different domains in Figure 3, for example, may have
different surface adsorption properties. It should be
pointed out that carbon surfaces in air are prone to
chemically adsorbing oxygen atoms, mainly in the
region of defects and crystallite edges. This makes
these regions more dissimilar to a perfect basal plane.

Since LTI used in artificial heart valves is pol-
ished, we also studied polished LTI. The improvement
of blood biocompatibility by polishing presumably
occurs because a smooth surface traps fewer pro-
teins and cells and they are replenished faster by
flowing blood.'? But in fact polishing does more
than just smoothing. As shown in Figure 5(b), the
surface of the polished LTI tends to be more amor-
phous. Such a change could play a role in its surface
energetics and chemical reactivity. The polishing of
LTI actually changes the surface by modifying the
original crystalline structure through creating more
edges and defects. Figure 6 schematically represents
this suggested modification process. This modification
seems to be a general outcome of polishing, since
similar modified surfaces have been observed when
polished with different polishing powders. So far, two
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important deductions can be formulated: Polishing
makes the surface more homogeneous as well as
amorphous, and the surface should become more
energetic and chemically active. It is important to note
that although certain polishing procedures may vary
for different sources of LTI valves, our conclusion
should be true, because we have used different sizes
of polishing powders (0.05 and 0.3 pm) and different
polishing methods (emery paper and alumina).

Another inference is that inertness and domain
matching [Figs. 1(a) and (b)] may not be the prin-
cipal origins of the biocompatibility of LTL. Carbon
valves may have largely lost those two characteris-
tics due to the polishing process, and yet they are
considered blood compatible. The other hypothesis
[Fig. 1(c)] may merit further consideration, because a
surface with higher energy may adsorb proteins more
tenaciously, so that the protecting protein layer would
be more stable. Such a surface could be more blood
compatible.

(b)

Figure 4. STM images of as-received ultra-low-tempera-
ture isotropic carbon (ULTI): (a) surface morphology
where the granules have the diameter of about 400 nm
and peak-to-valley distances of about 100 nm; and
(b) mosaics of patches (domains) with barely recogniz-
able ordering, a number of rows roughly slanting from
the upper left to the lower right.
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(b)

Figure 5. STM images (filtered) of polished glassy car-
bon (a), where ordered atomic packing is still seen in the
upper region, and polished low-temperature isotropic
carbor, (b), where no ordering can be seen.

CONCLUSIONS

(1) Scanning tunneling microscopy is able to re-
veal the surface morphologies of biomedical carbons,
down to an atomic level.

(2) Although all three carbons have turbostratic
structures, the STM images suggest that the ordering

Before polishing

AE==J4A

After palishing

=)=l

Figure 6. Schematic representation of effects of pol-
ishing on the surface morphology of low-temperature
isotropic carbon (see discussion in text).
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of atomic packing can be arranged in descending
order: GC > LTI > ULTI.

(3) Domain sizes are also in descending order:
GC > LTI > ULTL.

(4) Polishing appears to make the LTI surface more
homogeneous and more amorphous than the unpol-
ished LTL

The authors thank Sorin Biomedica for the carbon
samples. This work was supported by the Center for
Biopolymers at Interfaces, University of Utah.
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Protein adsorption on low-temperature isotropic carbon:
I. Protein conformational change probed by differential

scanning calorimetry

L. Feng and J. D. Andrade*
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This is the first of a set of articles on protein adsorption on
low-temperature isotropic carbon (LTIC), a reputed blood
compatible material. Surface-induced conformational
changes of albumin, fibrinogen, and some small proteins
were measured by differential scanning calorimetry (DSC)
on LTIC powders and colloidal silica. The LTIC surface sig-
nificantly alters the DSC response (denaturation?) in pro-
teins studied in different buffer solutions. We use the term
“denaturation’” to refer to altered protein behavior in the
adsorbed state. Hydrophobic interactions between LTIC
and the proteins are thought to be the major driving force.

The presence of air at the water—carbon interface seems to
prevent the surface denaturation of fibrinogen. The silica
surface greatly denatures albumin but only slightly dena-
tures fibrinogen. Because LTIC is considered to be a
nonthrombogenic material, but silica is considered to be a
thrombogenic one, whether a surface denatures adsorbed
proteins cannot be the sole criterion for its blood compati-
bility. The latter largely depends on what protein the sur-
face denatures, and in what sequences. © 1994 John Wiley &
Sons, Inc.

INTRODUCTION

Low-temperature isotropic carbon (LTIC) is re-
ported to be a blood compatible material.!? Despite
its wide applications in cardiovascular devices, it is
still unclear and even controversial as to how LTIC
achieves acceptance in a blood environment. Because
of the important role played by adsorbed proteins in
blood compatibility,” we chose to study protein ad-
sorption on LTIC and other model surfaces to obtain
insight into the mode of interaction between LTIC
and proteins.? By integrating all the information from
several experimental techniques,>” and from the lit-
erature, we present a relatively complete picture of
LTIC and protein adsorption.®

This articie uses differential scanning calorimetry
(DSC) to measure the calorimetric enthalpy of ther-
mal denaturation of a protein both in solution and on
a surface. From the difference on the transition heat,
we deduced conformational changes of adsorbed pro-
teins on LTIC and silica powders; we call this effect
surface-induced “denaturation.” The conformational
status of adsorbed proteins is thought to be important
to the blood compatibility of prosthetic cardiovascular
implants, although the specifics are largely unknown
and controversial. Nyilas,>'® Baier,'’ and Bokros!

*To whom correspondence should be addressed.

considered LTIC to be an inert material inducing little
conformational change in adsorbed ;i)roteins‘ On the
other hand, Sevastianov,'? Kaelble,'? and Sharma'*
suggested that the LTIC surface is coated with a thick
film of bland plasma proteins, held so tenaciously
that they can not be easily removed. Riccitelli ob-
served conformational change of proteins adsorbed
on carbon.'® It was difficult for us to accept that the
LTIC surface would not denature adsorbed proteins,
because of the similarity of the surface structure and
hydrophobicity of carbon to many organic polymers
as most hydrophobic surfaces do denature pro-
teins.'®17 We postulated that LTIC may also denature
proteins, but that such denaturation is generally un-
detected.

Methods for measuring the conformation of ad-
sorbed proteins include FTIR,'® FTIR-ATR,'” CD,*
hydrodynamic thickness,”! TIRF,?? enzyme activi-
ties,”® and immunoassay.** Using DSC to investigate
protein thermal denaturation has become a well-
established procedure for studying the domain struc-
ture and thermal stability of proteins and of their do-
mains.?> DSC was used to study the domain struc-
tures of fibrinogen structure®®* and complement
Cl1s,® conformational transitions of meromyosin,?*®
solution properties of albumin, >’ and thermal sta-
bility of model proteins.®® Pioneering work by de

Journal of Biomedical Materials Research, Vol. 28, 735-743 (1994)

© 1994 john Wiley & Sons, Inc.
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Baillou et al. detected the conformational change of
fibrinogen adsorbed on glass beads.*!

The notion of using DSC to study adsorption in-
duced denaturation is straightforward. We assume
that the structure of a protein or of a major domain
exists in “two pseudo states””: either native (folded)
or denatured (unfolded). The denatured state may
have different structures depending on different de-
naturation routes, Nevertheless, as far as the thermo-
dynamic transition is concerned, different denatured
structures are indistinguishable. Thermal denatur-
ation is not observed if the protein has been dena-
tured upon adsorption. In other words, the adsorbed
conformation is considered denatured if the protein
does not undergo the expected “melting” transition.
Although the issue of non-native or different ad-
sorbed states is debatable,? the consideration of dif-
ferent “states” of denatured proteins will not affect
the conclusion from this work, as long as such non-
native states do not significantly participate in the
thermal transition.

The “two pseudo state”” assumption is applicable to
individual domains within a single protein molecule.
A specific domain will not show thermal denatur-
ation if it has already been denatured by a surface.
However, this does not mean that the other domains
of the same molecule will not be thermally respon-
sive; they will if their conformations have not been
significantly changed. In other words, individual do-
mains or even parts of them can be denatured inde-
pendently. The work by Privalov is a good example
The key assumption used here is that any native
structure in any part of the molecule ¢can only be de-
natured once, either by surfaces or by heat. It should
be pointed out that because of sensitivity and noise
level, our data on conformational changes only have
macroscopic significance. Very small changes in pro-
tein conformations may not be detected, such as
those that can be probed by immunoassays.®

EXPERIMENTAL

Materials

Low-temperature isotropic carbon powders were
ground by ball milling silicon-alloyed LTIC frag-
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ments, a gift from Sorin Biomedica (Italy), in a ce-
ramic jar for 5 h, Their average diameters were 0.2
pm, with very broad distributions. The BET surface
area was 54.4 m%/g, but not all this area can be avail-
able to proteins. We have estimated that the accessi-
ble surface of LTIC is 18 m*/g.* Colloidal silica 40%
water suspension (from 0.02 pm and about 100 m%g)
was purchased from Johnson Mattley (Ward Hill,
MA). No stabilizer was added in the suspension.

Two plasma proteins and four small model pro-
teins were studied (Table 1). The three chemical re-
agents used in phosphate-bufifered saline (PES) were
all super-pure grades: sedium dibasephosphate (Ul-
trix) was from J. T. Baker Chemical (Phillipsburg,
NJ). Sodium hydroxide (Suprapur} and sodium chle-
ride (Suprapur) were from EM Science (Gibbstwen,
NJ). Sodium acetate and acetic acid for the acidic
buffer were analytical reagents from Mallinckrodt
(Parks, KY). Glycine for the basic buffer was electro-
phoretically pure from Hoefer Scientific Instruments
(San Francisco, CA). Water for the buffers was dou-
ble-distilled from predeionized water.

Buffer solutions

The buifer should prevent the protein of interest
from precipitating or aggregating upon denaturation
at elevated temperature. Otherwise, the native to de-
natured transition would be buried in a much greater
exothermic transition of aggregation. Another prefer-
ence for a buffer is that its pH should be in the vicin-
ity of pH 7.4 so that protein behavior from DSC mea-
surements could be correlated to its properties mea-
sured in other experiments.>” The first prerequisite
could usually be met by using a buffer with a pH
away from the isoelectric point of the protein.?
Hence, the buffers for most of the proteins studied
were either acidic or basic compared with pH 7.4.
Table I lists the buffer used for each proteins and
their denaturation data from the literature. The rea-
son why human fibrinogen (either from Calbiochem
or Kabi) was not used was that no buffer was found
that could prevent the protein {rom aggregating dur-
ing the DSC run. Even with BFG, the only applicable

TABLE 1
Proteins Used in DSC Experiments

Protein Albumin Fibrinogen Lysozyme Cytochromne ¢ Myoglobin Ribonuclease A
Abbreviation HSA BFC LSZ YT MGB RNAse
Source Human serum Bovine plasma Hen eggwhite Tuna heart Horse heart Bovine pancreas
Mw, daltons 65,000 340,000 14,300 12,170 18,800 13,700
pl 4.7 5.8 10.7 10 7.8 9.6
Domains Multiple Muliiple Single Single Single Single
Suppliex ICN Biomedical Sigma (St. Sigma Sigma Sigma Sigma
{Irvine, CA) Louis, MO) — — — —




PROTEIN CONFORMATIONAL CHANGE

buffer was glycine at pH 8.5, among the buffers
tested. In fact, HHSA was the only protein studied that
did not precipitate in PBS after being thermally de-
natured. Despite the variation of buffer, we still be-
lieve that the unique information content of DSC is
instructive.

Prewetting of powders

Air trapped in the pores of LTIC can complicate the
water-solid interface in at least two ways: by reduc-
ing the effective interfacial area for protein adsorption
and by creating a triple air-water—solid interface and
an air-solid interface,® proteins at these interfaces
may take different conformations and have different
adsorption properties. To minimize such effects, the
powders wete evacuated using molecular sieve ad-
sorption pump (VacSorb Pump, Varian), which pro-
duces very low contamination. LTIC powders in a
test tube were degassed until the vacuurn reached 50
107* mm Hg or lower. A slightly degassed buffer
solution was later introduced into the tube to soak
and wet the powders that had been under vacuum
(vacuum prewetting). For comparison LTIC powders
were also prewetted by simply pouring buffer solu-
tions onto them at atmospheric pressure (air prewet-
ting). Because the colloidal silica had already been
wetted by water, its prewetting was simply by dilu-
tion with the buffers.

Adsorption procedure

Protein adsorption teok place in DSC ampoules
made from stainless steel. For studies using vacuum-
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prewetted LTIC and colloidal silica, a given amount
of the prepared powder-buffer suspension was pipet-
ted into a 1 ml ampoule. Concentrated protein solu-
tion was added (2.0 mg for H5A and 1.0 mg for other
proteins). Pure buffer was added until the ampoule
attained the required weight (deviation less than 0.5
mg). The total mass of a sample (suspension or solu-
tion) was about 600 mg, which differed slightly for
individual ampoules. For the air-prewetted LTIC, the
powders were directly weighed inside an ampoule.
About 0.2 ml buffer was added to wet the adsorbent,
with prewetting taking 30 min. Everything thereafter
was identical to the vacuum-prewetted LTIC, The
precisely weighed ampoules were tightly sealed. Ad-
sorption took about 1 h at room temperature while
the ampoules were slightly rocked to provide mixing,

DSC instrument and operation

The calorimeter (Hart Scientific, Pleasant Grove,
UT) was designed for biologic applications with a
sensitivity 100 times higher than a traditional DSC,
recording from 100 to 1 mW with a baseline stability
of 0.15 mW. For the measurement of protein dena-
turation, the temperature scan was programmed as:
1) scanning down from 20°C to 15°C; 2) staying at
15°C for 10 min; 3) scanning up from 15°C to 95°C for
HS5A and MGB, and to 105°C for BFG and other small
proteins; and 4) scanning down from 95°C or 105°C to
20°C. The rate of temperature up scanning was 1.0°C/
min, and that of down-scanning was 1.5°C/min. The
scan rate chosen for an experiment is a compromise
between a desired sensitivity and separation of over-
lapping transitions. The background calibration curve
for each sample was obtained with the same am-

TABLE IL
Buffer Solutions for Six Proteins and Their Thermal Denaturation Parameters
Concentration NaCl

Protein Buffer {mM) pH {mM) Tm (°C)* AH {(K]/mole)t
HSA PBSE 10 7.4 150 60, 68, 808 97g!

BFG Glycine 50 8.5 Q Be, 95+ 2259, 2134*
MGB Glycine 50 11.1 Q 70t 115+
LSZ Acetate 10 4.1 G 77§t 1353%
YT Acetate 10 4.1 50 6385 7788
RNase Acetate 10 4.1 50 55, e4ll 102, 116"

*Thermal denaturation temperature.
tMolar calorimetric enthalpy {equaling fransition heat per molar protein)
{Phosphate-buffered saline (NaH,PO, + NaOH + NaCi).

Three transitions at pH 7.0 (10 mM phosphate + 30 mM NaCl).*

otal heat of the three transitions.*
*Twao transitions at pH 8.5 (50 mM gl¥cine buffer).*
+HAt pH 11.1 (40 mM glycine buffer).?
1At pH 4.5 (40 mM glycine buffer).*

At pH 4.6 (40 mM glycine buffer).*

At pH 3.7 and 5.4, respectively (40 mM glycine buffer).*!

26
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poule, same weight, and similar solid content. The
only variant was protein. The background for HSA
was the second run of the same sample. During the
second run HSA had no transition, as it had been
denatured during the first run and was not renatured
when the temperature was cooled down. The back-
ground curves for other proteins were obtained by
running DSC on solid-buffer suspensions without the
proteins. All the thermograms shown in this article
are background subtracted. The enthalpy change
(AH) of a transition is obtained from the peak area.
Except for albumin, DSC for other proteins under a
specific condition was run twice; thus no error bars
are given in the figures, but the AH differences be-
tween the duplicates were around 10%.

RESULTS
Typical DSC thermograms

The curves in Figure 1 represent typical DSC ther-
mograms of HSA in PBS at pH 7.4 and BFG in 50 mM
glycine buffer at pH 8.5. Similar thermograms have
been observed for HSA™ and for BFG.*>” HSA has
three transitions with peak temperatures at 62, 67,
78°C and a total transition heat of 976 k)/mole. They
may represent the denaturation of the three major
domains of HSA.?® At pH 8.5, BFG has two transi-
tions with peak temperatures at 55 and 96°C, and
transition heats of 1,770 and 1,670 k]/mole, respec-
tively, The data are comparable to those in Table II.
According to Privalov, the lower temperature transi-
tion peak of BFG is due to denaturation of its end
domains (D), and the one at higher temperature is
due to the middle domain (E).*

We have assumed that if an adsorbed protein is
denatured, it cannot undergo further thermal transi-
tion. Thus, the AH of the transition becomes smaller
in the presence of adsorbents, or even zero if the
surface adsorbs and denatures ali the protein mole-

62
67
*y\ NI
T 56

78
BFG ] 10 mJK
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cules. The decrease in enthalpy change thus depends
on the ratio of the amount of protein and on the avail-
able surface area. A higher surface area should ad-
sorb and denature more proteins, resulting in a
smaller AH. Figure 2 illustrates that, indeed, the more
adsorbent, the smaller the transition peak. There is
also a disproportionality of nondenatured HSA and
the amount of powder at low LTIC doses (10 and 20
mg). This relation does not exist at high doses of
LTIC, probably because excess powders reduce the
effective surface area for protein adsorption due to
aggregation. This phenomenon is discussed in detail
elsewhere.” While the heat of transition is reduced,
the transition is also shifted toward higher tempera-
ture. ghe phenomenon was also noticed by Uedaira
et al.

One of the complications of running DSC with
LTIC suspensions is the interference of the powders.
We often found that endothermic peaks appeared on
thermograms of suspension samples, mostly after the
protein became thermally denatured. For example, a
broad peak appears between 51 and 63°C on the
curve of 50 mg LTIC in Figure 2. Sometimes the peaks
could be several times larger than those of the protein
transitions. We think that these irregular transitions
come from dispersion of previously aggregated pow-
ders. Such a process is likely aided by elevated tem-
peratures and by proteins that act as surfactants or
stabilizers at the solid-water interface. Using less
powder was an effective way of reducing those un-
wanted peaks. The compromise was to use the min-
imum amount of powder protein that would give the
required sensitivity.

Enthall]g of thermal denaturation of proteins
on LT

The fraction of thermally denatured protein (FTDP)
is defined as; FTIDP = AH (ads)/AH (soln), where

Molecular
modei for
HSA
96 Domain D Domain E

Molecular medel for HFG

7 L T T T T T

40 50 60 70 80

Ternperature,°C

Figure 1. Typical DSC thermograms for HSA at pH 7.4 (10 mM phosphate + 50 mM NaCl) and BFG at pH 8.5 (50 mM

glycine). Domain D of BFG denatures at 55°C and E at 96°C.
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a ] 20 mJiK
40 50 60 70 80 a0
Temperatura, %C

Figure 2. DSC thermograms of denaturation of HSA in
the presence of different amounts of LTIC powders. Curve
a: PBS + 30 mg LTIC powders, no protein; Curves b-i: PBS
+ 2.0 mg HSA + 0, 10, 20, and 50 mg LTIC powders,
respectively.

AH(ads) {k]/mole) is the enthalpy change of a transi-
tion in the presence of adsorbent and AH(soln) is that
for the same amount of protein in the absence of ad-
sorbents. The absclute value of AH is not important if
only the nondenatured fraction is desired. Figure 3 is
the FTDP of HSA as a function of amounts of LTIC
powders. Decreases in the transition peaks is obvi-
ously a resuit of the presence of the adsorbent. Be-
cause LTIC has a high tendency to adsorb proteins,
the surface should be largely covered by proteins af-
ter 1 h incubation. Our radicisotope experiments
show that the surface concentration of HSA from PBS
is 2.5-4.5 mg/m? when the solution concentration is
0.1-2 mg/ml. The concentration of 1.0 ml PBS-

10
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buffered HSA can be depleted from 1.6 to (.5 mg/ml
by 30 mg/ml, that of BFG from 1.1 to 0.2 mg/ml, de-
tected by ultraviolet spectroscopy. The surface con-
centration is estimated at 1.7 and 2.0 mg/m?, respec-
tively.* The protein surface concentration may not be
the same for samples with different amounts of ad-
sorbent, as they deplete the soluble protein to differ-
ent extents. We think this variable-coverage adsorp-
tion is acceptable because we are only interested in
finding out whether the surface can denature pro-
teins.

Both the vacuum- and air-prewetted powders re-
duce FTDP HSA, suggesting that HSA can be dena-
tured at both the carbon-water interface and the car-
bon-air-water interface, However, the presence of
trapped air may reverse the course of BFG surface
denaturation. Figure 4 shows the FTDP of BFG after it
was incubated with LTIC powders prewetted either
by air (A) or by vacuum (B). The results suggest that
the carbon—-water interface can denature BFG, but the
air-water interface cannot. This was not expected,
because most studies show that the air-water inter-
face tavors the formation of a monolayer of denatured
plasma proteins.” This phenomenon deserves a fur-

10,

0.8 ]
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LTIC powders, mg per 1.0 mg BFG
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1.0
0B
=)
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X
=
B 04 ]
a
T
0.2.]
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LTIC powders, my per 1.0 mg of BFG
{6}

presence of LTIC powders. The error bars show standard
deviations calculated from five samples for each column.  presence of LTIC powder: (A) Nondegassed and (B) de-
The estimated accessible surface area of LTIC is 0.18 m*/10  gassed LTIC before buffer prewetting; white: 1st transition
mg, and black: 2Znd transition.

Figure 4. Fractions of thermally denatured BFG in the
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ther look. Figure 4 also suggests that domain D may
be more susceptible to surface induced denaturation
because the first transition peak is smaller than the
second one. The vacuum-prewetted LTIC surface
may also denature all the smali proteins tested (Fig.
5); among them, MGB appears to be the most sus-
ceptible to surface denaturation. Again there is no
proportionality between the amount of FIDP and the
amount of LTIC.

Denaturation of HSA and BFG on silica

From the change of FTDP, we suggest that the sil-
ica surface substantially denatures HS5A but only
moderately denatures BFG (Fig. 6). For adsorbed al-
bumin (human or bovine) on silica, both the dena-
tured case® and nondenatured case™ have been en-
countered. With a surface area of about 100 m*/g and
its nonporous and hydrophilic nature, silica defi-
nitely provides much more accessible surface for ad-
sorption of BFG. Therefore, it is fair to say that the
silica surface little changes the conformation of BFG.
This observation was also made by Macmillan from
CD experiments.?

DISCUSSION

Significance of the fraction of thermally denatured
protein (FTDP)

Besides our suggestion of destabilization of the sut-
face adsorbed protein, the decrease of the FTDP
might be a result of another process—surface stabili-

104 O lysozyme, Tm=78°C

08 B ribonuglease A, Tm = 51°C
= = B cytochrome C, Tm = 64°C
8 06 - i B myogiobn, Tm = 66°C
E: =
z -
5 04 =
I e =]

0.2 ] == =

Q.0 k=

a 10 20

LTIC powders, mg per 1.0 mg prolein

Figure 5. Fractions of thermally denatured model pro-
teins: myoglobin in glycine buffer (pH 11.1) and others in
acetate buffer (pH 4.1). The thermal denaturation temper-
atures are very close to those corresponding values in the
Literature (Table II).
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HEA
O BFG 15l transition
B BFG 2nd transition

AH{ads)aH{soin}

4 10 20
Sitica, mg per 20mg HSA or 1.0 mg BFG

Figure 6. Fractions of thermally denatured HSA and BFG
in the presence of colloidal silica; hatched: HSA, white: 1st
transition of BFG, and black: 2nd transition of BFG.

zation of the adsorbed protein so that it does not
thermally denature in the temperature range. Thus,
there is no surface-induced denaturation. However,
we can probably rule out this possibility by the fol-
lowing argument,

The structure of surface immobilized (physicaily
adsorbed or chemically bonded) proteins can be sta-
bilized or destabilized by the surface. Thermal stabil-
ity of proteins may be increased when they are im-
mobilized on a surface, probably as a result of restric-
tion and blocking of unfolding pathways by the
surface.*! However, hydrophobic surfaces denature
(destabilize} proteins and are not appropriate for co-
valent immobilization.® Most solid substrates used
for immobilizing proteins are hydrophilic sur-
faces.*>** Even on a hydrophilic surface, stability of
protein can be decreased. Steadman et al.* studied
thermal denaturation of seven proteins adsorbed on
silica using DSC and other techniques. The major ob-
served effect of surface adsorption on protein stability
is destabilization.

If one argues that diminishment or disappearance
of a normal denaturation transition implies surface
stabilization, it would mean a large enhancement in
the structural stability of the adsorbed protein. [t is
unlikely that a surface could completely prevent an
immobilized protein from thermal denaturation in
the temperature range of 20-105°C, unless there is
substantial conformational change. Therefore, in ei-
ther the destabilization or the stabilization case, the
conformation of the adsorbed protein has been al-
tered by the surface, i.e., denaturation.

The LTIC surface denatures proteins

It is not unexpected that carbon surfaces denature
all the proteins used in this work. Hydrophobic sur-
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faces are generally more likely to change the confor-
mation of adsorbed proteins than hydrophilic ones,
as denatured proteins can maximize their interactions
with the surfaces through hydrophobic interac-
tions.'®!® The LTIC surface is relatively hydropho-
bic'** there is a fairly high interfacial energy with
watet, manifested by lack of water wettability and by
the tenacious binding of proteins.* The LTIC surface
can also adsorb proteins via a charge-transfer inter-
action (forming m-o or w—w complexes with aromatic
amino acid residues of adsorbed proteins.®* This
type of interaction may enhance the denaturation
tendency of LTIC, as those residues are often buried
inside the protein. By the same token, it is under-
standable why hydrophilic surfaces such as silica do
not denature proteins as readily as their hydrophabic
counterparts.

It is a misconception to think that an “inert” sur-
face does not exert a strong interaction with proteins.
When adsorption is driven mainly by hydrophobic
interactions, the major gain of negative free energy
change is not directly from the surface-protein inter-
action, but rather from the entropy increase due to
dehydration from the hydrophobic surface.”” Even
though the surface—protein interaction may be weak,
the adsorption driving force can be strong because of
the large gain of entropy upon freeing surface-
perturbed water. Actually, the hydrophobic interac-
tion is commonly characterized by a large entropy
increase and a relatively small enthalpy effect.” LTIC
has been considered to be an inactive material be-
cause of its low heat of protein adsorption (aAH).>®
However, low AH does not necessarily mean low AG.
In fact, AH in many protein adsorption systems is
positive.” In these cases, adsorption is driven by
more negative TAS. The AG is predominantly gov-
erned by the TAS term for the interaction between a
protein and hydrophobic surfaces such as LTIC.>® In
conclusion, despite its low adsorption enthalpy, LTIC
does strongly adsorb proteins, primarily by hydro-
phobic interactions.

Disparity of silica toward HSA and
BFG denaturation

It is somewhat surprising to get opposite denatur-
ation results for HSA and BFG on the silica surface,
Because of its high surface activity and low solution
stability,”® fibrinogen probably needs no conforma-
tional change to bring down the interfacial energy.
The degree of unfolding depends on the balance be-
tween the cohesive energy of the proteins and pro-
tein—surface interactions.”™ The folding energy of a
protein is just one of the factors that determine
whether the adsorbed protein will be denatured.
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Other important factors include the protein surface
activity and the nature of interfacial interactions.?”

CONCLUSIONS

DSC experiments on adsorbed proteins show that
the LTIC surface denatures all proteins studied in a
number of buffers with different pHs: HSA in PBS of
pH 7.4; BFG in glycine buffer of pH 8.5; LSZ, RNase,
and CYT in acetate buffer of pH 4.1; and MGB in
glycine buffer of pH 11.1. From this general trend, we
suggest that LTIC surfaces tend to denature most
plasma proteins. We believe that the major driving
torce for protein denaturation is hydrophobic inter-
actions. The DSC data also show that the colloidal
silica surface significantly denatures HSA in PBS of
pH 7.4, but only slightly denatures BFG in glycine
bufter of pH 8.5. The denaturation ability of silica is
apparently smaller than that of LTIC, possibly be-
cause of the lack of hydrophobic interactions. How-
ever, hydrophobic interactions are not the only driv-
ing force for protein denaturation, as indicated in the
silica case. It is worthwhile doing further research on
this nonhydrophobic denaturation process. Whether
a surface denatures adsorbed proteins cannot be the
sole criterion for its blood compatibility, which also
depends on what proteins are denatured and in what
sequence. For example, LTIC may first adsorb and
denature albumin in blood. The adsorbed albumin (a
bland protein) layer passivates the substrate and pre-
vents the activation of blood coagulation proteins.?

The authors thank Sorin Biomedica for providing the
LTIC sample. This work was supported by the Center for
Biopalymers at Interfaces, University of Utah,
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Protein adsorption on low-temperature isotropic carbon
(LTIC) and on gold electrodes was studied via changes in their
double-layer capacitance. The surface charge of the electrodes
was controlled by a DC potential. The more negatively charged
LTIC always adsorbed more proteins from near neutral or acidic
solutions, regardless of the charge on the proteins. Adsorption
patterns did not change when the solution ionic strength was
varied. At pH 7.4 the more negatively charged gold adsorbed
the more positively charged proteins. Kinetic data indicate that
higher adsorbed amounts were accompanied by higher initial
adsorption rates. The electrostatic interaction did not appear to
play a significant role in the interactions between the proteins
and LTIC. Our hypothesis suggests hydrophobic and interfacial
water properties are involved in protein adsorption on LTIC.
© 1994 Academic Press, [nc. <

INTRODUCTION

The role of the surface charge of blood-contacting implants
on their blood compatibility is still controversial. Although
most solids with positive zeta potential are thrombogenic
(1), the negative surface potential is not a guarantee of non-
thrombogenicity (2, 3). While some highly nonthrombogenic
surfaces are negatively charged, such as endothelium (4) and
heparin (2), some potent thrombogenic surfaces are also
negatively charged, like glass (3).

We have systematically studied protein adsorption onto
low-temperature isotropic carbon (LTIC). Our objective was
to examine how such a reputed blood compatible material
interacts with proteins. Our studies are based on the belief
that the nature of the adsorbed protein film eventually de-
termines how the surface interacts with blood (6).

The effect of surface charge of polymers (7-13) and metals
(L, 13-15) on protein adsorption has been studied. The data
cannot be satisfactorily explained by considering only the
overall electrostatic interaction. There are cases where a sur-
face adsorbs more proteins that possess the same type of
charge, or a surface adsorbs less protein that has the opposite

' To whom correspondence should be addressed.
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type of charge, or the interaction between them shows no
apparent dependence on charge. Such examples are fibrin-
ogen and albumin on glassy carbon and platinum (16), al-
bumin and ribonuclease on polystyrene (8), albumin on
silver iodide and a-Fe,0; (8), fibrinogen on polydimethyl-
siloxane and polyelectrolyte complex (10), fibrinogen on
germanium (12), fibrinogen on mercury and platinum (14),
and cytochrome ¢ and lysozyme on polystyrene (13).Agen-
eral conclusion from these studies is that in solution of nor-
mal ionic strength, electrostatic interactions do not play a
major role in protein adsorption (2, 17, 18).

Impedance measurements are a classical way of studying
adsorption of organics on metal electrodes (19) and have
been applied to protein adsorption on metal and carbon
electrodes (1, 16, 20-27). The technique can readily record
variations of double-layer capacitance, from which one can
acquire information on protein adsorption kinetics, surface
coverage, and isotherms. The principle of the measurement-
is shown in Fig. 1. The solid-liquid interface is represented
as an equivalent electric circuit composed of solution resis-
tance (Rs), in series with double-layer (also called differential
or charging) capacitance (Cd) in parallel with faradaic (re-
dox) impedance (Z;) (21). The protein solutions used in
this work contained no added electroactive species that could
undergo redox reactions in the applied potential range. The
contribution to the impedance from adventitious trace redox
processes, such as the quinone-like oxides on LTIC or oxygen
in solution, were suppressed by applying a high-frequency
AC signal (20). Therefore, Z, is treated as infinity and the
measured impedance is approximately equal to the sum of
the real term Rs and the imaginary term Cd. Cd is determined
by the nature of the electrode surface and the electrolyte
solution, including adsorption on the electrode. Adsorbed
protein molecules displace ions and water molecules from
the surface, inducing redistribution of the charge and causing
changes in capacitance, usually (but not always) reducing
Cd (1, 24, 26). It is difficult, however, to pinpoint all the
factors that affect Cd, mainly due to our limited knowledge
of the double-layer structure (28 ). According to Lundstrom,
capacitance yields information on the number of contact

0021-9797/94 $6.00
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FIG. I. Principles of impedance measurements. Equivalent circuit for
the impedance at a solid-water interface: Rs, solution resistance; Cd, double-
layer capacitance; and Z;, Faradaic impedance.

points or contact area of protein and surface (29). In prin-
ciple, the surface coverage (6) can be estimated from the
change in Cd, provided that the potential of zero charge of
the electrode and the surface tension at this potential are
known (19). When the two parameters are not available, an
empirical equation can be substituted as a first approxima-
tion (19),

di
Cdp = Cdgao- (1 — 8) + Cdyey -0 + (gpey — f}a=-0}g§ , [1]

where Cdg~g, Cdy-1, 50, and g,-, represent the capacitance
and the surface charges when 6 = 0and 6 = 1, respectively.
Since df /dV is not usually known, and Cd,_, is also difficult
to define, a “normalized capacitance change” ( NCC) was
used, :

Cdy—o — Cdy _Gd(t=0) - Cd()

FENG AND ANDRADE

where ¢ is the adsorption time. NCC is dimensionless and
can be considered as a measure of the adsorbed amount (24,
30), although it is neither 8 nor any absolute value for surface
concentration (I').

EXPERIMENTAL

Materials

Silicon-alloyed LTIC, manufactured for artificial heart
valves, was a gift from Sorin Biomedica (Italy). Relevant
data for the four proteins studied are listed in Table 1. HSA
and HFG are plasma proteins which play important roles
in blood compatibility. SOD and LSZ are simple single do-
main proteins whose structures are well known. Note the
isoelectric points (p/) for these four proteins. At pH 7.4, the
first three are overall negatively charged, while LSZ has a
net positive charge. All the proteins were used without further
purification. The chemicals used for phosphate buffered sa-
line (PBS) were all super pure grades: sodium dibasephos-
phate (Ultrix) from J. T. Baker Chemical (Phillipsburg, NJ),
sodium hydroxide (Suprapur) and sodium chloride (Supra-
pur) from EM Science (Gibbstwon, NJ), sodium acetate
and acetic acid (analytical reagents) from Mallinckrodt
(Parks, KY), and glycine (electrophoretically pure) from
Hoefer Scientific Instruments (San Francisco, CA). Water
for the buffers was double distilled in a quartz distiller
(Heraeus, Quardzschmelze, Germany) from predeionized
water, Unless specifically indicated, all the buffer solutions
contained 10 mM buffer substances (phosphate, acetate, or
glycine) and 100 m M NaCl.

Electrodes and the Cell

LTIC working electrodes were assembled by forcing LTIC
disks of 3 mm (diameter) X 2 mm (thickness) into hot Kel-

NCC = F (the 3M trade name for polychlorotrifluoroethylene ) tubes.
Cdyeg Cd(z=0) After cooling, the shrunk tubes held the disks firmly. The
possible voids between the carbon side wall and the Kel-F
£ Cd(0) —Cd = AC 2] inner wall were filled with wax for insulation. A copper wire
Cd(0) Cd(0)”’ was electrically connected to the LTIC disk by carbon paste.
TABLE 1
Four Proteins Studied in this Work
Protein Albumin Fibrinogen Superoxide dismutase Lysozyme
Abbreviation HSA HFG SOD LSZ
Source Human serum Human plasma Bovine liver Hen egg white
Preparation Crystallized Lyphilized — Lyophilized
Purity, % 98 959 95
Mol wi., kDa 65 340 15.5 14.3
Isoelectric point 4.7 5.8 4.6 10.7
Domains Multiple Multiple Single Single
Supplier ICN Biomedicals, Irvine, CA Calbiochem, La Jolla, CA DDI Pharm., Mountain View, CA Calbiochem., La Jolla, CA

“ Clottable percentage,
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A gold working electrode 3 mm in diameter was purchased
from Bioanalytical Systems (West Lafayette, IN).

Two electrodes were used, which was considered accept-
able because the current involved was too small to affect the
interfacial state of the reference electrode (21). Another LTIC
disk served as the reference electrode with a surface area 15
times larger than that of the working LTIC electrode. Such
a high area ratio helps minimize the uncertainty of the ca-
pacitance change at the reference electrode (30). Conven-
tional reference electrodes, standard calomel electrode (SCE)
or Ag/AgCl electrode, were intentionally avoided due to the
difficulty of cleaning. Convective flow was provided by mag-
netic stirring at 200 rpm. Before each adsorption experiment,
the interior of the cell, together with the reference electrode,
was cleaned by soaking in 96% pure sulfuric acid (Mallinck-
rodt) for 15 min, thoroughly washing with Milli-Q water
(Millipore, Bedford, MA ), and finally rinsing with double-
distilled water.

Instrument and Operation

Both the working and the reference electrodes were con-
nected to the measuring leads of a multifrequency LCR meter
(HP 4274A). The meter imposed an AC voltage with fre-
quency of 1.0 kHz and amplitude of 10 mV across the two
electrodes, measured the amplitude and phase angle of the
ensuing current, and computed the corresponding capaci-
tance and resistance according to the series model. Data were
collected by a computer at preset time intervals (2stol
min). An attached DC offset imposed a DC bias voltage
across the two electrodes.

Prior to each adsorption measurement the working elec-
trode was polished by hand with 0.3 pm alumina slurries for
about 2 min, rinsed with a stream of Milli-Q water, sonicated
in two portions of Milli-Q water (each for 5 min), rinsed
with acetone (EM), and dried in air. Caution was taken in
every cleaning step to avoid potential contamination. The
clean and dry electrode was immersed in 1.80 ml of pure
buffer in the cell. In most cases the recorded capacitance of
bare electrodes had some initial decrease and became nearly
constant after 10-20 min. Then 0.20 ml of a concentrated
protein solution was pipetted into the buffer, which was being
stirred. The change in capacitance vs time was recorded on
line.

XPS Verification

X-ray photoelectron spectroscopy (XPS), 5950B ESCA
Spectrometer ( Hewlett-Packard ), was used as an indepen-
dent method for detection of adsorbed proteins on LTIC
plates. Protein adsorption was carried out in a way similar
to the impedance experiment. At the end of adsorption the
LTIC plates were rinsed with pure buffer, dried in air, and
directly mounted in the slots of the XPS sample holder and
covered by gold-plated masks. Analysis conditions were X-
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ray power 400 W, flood gun off, aperture closed, and 20
cycles of narrow scans (20 eV width). The elemental ratio
was computed from the narrow scan C-1s and N-1s spectra
(31). PBS residues did not interfere with the measurement.

RESULTS

Capacitance Curves

Capacitance vs time is plotted in Fig. 2. Cd(0) is the steady-
state Cd value before addition of protein. Upon addition of
protein solution, Cd starts decreasing, initially very fast but
then gradually slowing down, and finally nearly levels off.
Some curves reached steady state in a short time while others
required longer than 40 min. For most measurements the
normalized incremental change, (Cd(k + | ) — Cd(k))/
Cd(0), with k being minutes, was very small, less than 0.05%
per minute after 15-20 min of adsorption. Thus 20 min was
chosen as the cutoff time, where the Cd was taken as the
steady or plateau value (Cd(P)). So was NCC(P), or simply
NCC. Adsorption rates will be described by the initial rate
of NCC, i.e., (d(NCC)/dt),—q.

Isotherms

Isotherms for capacitance change can be constructed by
plotting NCC(P) values against their corresponding protein
concentrations. Figure 3 shows such an isotherm for HSA
obtained at 0 mV DC voltage. It clearly shows that NCC
gradually increases with protein concentration until reaching
the plateau, suggesting that the change in Cd represents the
change in surface coverage or surface concentration. The
isotherm does not reach plateau until high HSA concentra-
tions. The radioactive probe method (32) yields a similar
isotherm. This type of isotherm is often observed on hydro-
phobic surfaces (30, 33).

Correlation of Charge Density vs DC Voltage

When imposing a DC voltage on a conductive electrode,
one alters the charge density on the surface. Charge density

30
pure PBS add protein soln
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FIG. 2. Procedures for protein adsorption and change in capacitance
of an LTIC electrode with adsorption time.
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FIG. 3. Capacitance isotherms due to HSA adsorption on LTIC electrodes.

(g) of a bare surface as a function of the voltage (U) can be
precisely calculated from Eq. [3] if one knows the capaci-
tance Cd,_o and the potential U of zero charge (U,=g), as-
suming that Cd varies linearly with U ( 16):

_ (U= Uy0)+(Cd + Cd, )

q(U) 5

[3]

In this work only the increment of g (Ag) as a function of
U can be estimated as U,-, was not known. Ag is roughly
2-2.5 mC/cm” for every 100 mV. The variation of charge
density is within the range frequently used with particle sub-
strates (9). For the purpose of considering charge effects, it
is sufficient to know that higher U produces higher ¢, and
the variation of ¢ is roughly proportional to that of U. As
for a reference, U, for a glassy carbon is +50 mV vs that
of SCE, i.e., +300 mV vs that of normal hydrogen electrode
in 100 mM PBS (16).

Charge Effects on Protein Adsorption on LTIC

Figures 4 and 5 are the plots of NCCs vs electrode poten-
tials in PBS, pH 7.4, at different NaCl concentrations. The
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FIG. 5. Normalized capacitance change due to adsorption of 0.10 mg/
ml LSZ (solid) and 0.10 mg/ml SOD (open) on an LTIC electrode as func-
tions of its potentials from PBS (pH 7.2) with 10 mAM phosphate and 100
m M NaCl (circles) and 10 m M NaCl (squares). Note that LSZ is positively
charged and SOD is negatively charged.

data indicate that more negatively charged electrodes adsorb
more proteins, regardless of the net charge or size of the
protein, or of the ionic strength. For example, at pH 7.4
HSA, HFG, and SOD all bear negative charges while LSZ
has a positive charge. SOD and LSZ are very small proteins
compared with HSA and HFG. Yet they all behave similarly
when the potential is varied. Such a relationship holds with
solutions of high (100 mAf NaCl), intermediate (10 mM
NaCl) (Figs. 4 and 5), and low (4 m M NaCl) ionic strength
(Fig. 4). The pattern of protein adsorption on LTIC defies
what a simple electrostatic argument would suggest, even at
low ionic strength which enhances electrostatic interactions.

Figure 6 shows the change in NCCs vs electrode potentials
in both acidic (pH 4.0) and basic (pH 10.5) solutions, HSA
has a net positive charge at pH 4.0; yet-its NCC-U relation-
ship is very similar to that when it is charged negatively at
pH 7.4. At pH 10.5, where HSA becomes negative but L.SZ
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FIG. 4. Normalized capacitance change due to adsorption of 0.50 mg/
ml HSA (solid) and 0.05 mg/ml HFG {open) on an LTIC electrode from
PBS (pH 7.3) as functions of its potentials. Note that both proteing are
negatively charged. HSA adsorption at different ionic strengths with 10 m M
phosphate and 100 mAf NaCl (trangles), 10 m M phosphate and 100 m A
NaCl (circles), and 4 m M phosphate only (squares).

Electrode potential, mV

FIG. 6. Normalized capacitance change due 10 adsorption of 0.50 mg/
ml HSA (circles) and 0.10 mg/ml LSZ (squares) from acidic (pH 4.0, acetate,
open) and basic (pH 10.6, glycine, solid) solutions (NaCl 100 mAM) as
functions of electrode potentials. Note that HSA is positively charged at pH
4.0 but negatively charged at pH 10.6 while LSZ is positively charged at pH
4.0 but almost without the net charge at pH 10.6.
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FIG. 7. Normalized capacitance change due to adsorption 0f 0.50 mg/
ml HSA (circles), 0.05 mg/ml HFG (squares), and 0.10 mg/ml LSZ (tri-
angles) from PBS (10 mM phosphate and 100 mM NaCl, pH 74) on a
gold electrode as functions of electrode potentials. Note that HSA and HEG
are negatively charged but LSZ is positively charged.

is probably without a net charge, the maxima of their NCCs
appear at U = 0 mV. Increasing either voltage reduced the
NCCs. This adsorption pattern bears a close resemblance to
the adsorption of uncharged organics on metals as a function
of electrode potential and will be discussed later.

Charge Effects on Protein Adsorption on Gold

Gold is a good comparison or reference for carbon as it
is thrombogenic (1, 34), has high surface energy (35), and
is hydrophilic (if not contaminated) (36). As Fig. 7 dem-
onstrates, the interactions between the gold surface and the
proteins follow that expected from electrostatic interactions,
i.e., more positively charged surface adsorbs more negatively
charged proteins, such as HSA and HFG, or vice versa, such
as LSZ. For all three proteins the change in NCC on gold is
larger than that on LTIC for identical protein concentrations
and buffer conditions. The ratio of NCC on gold vs NCC on
LTIC is 1.3 for HFG and 1.7 for HSA, possibly indicating
a higher surface concentration on gold. This is consistent
with the result by Williams and Williams (36): HSA surface
concentration is 3.9 mg/m? on gold after 1-h incubation
compared to 2.0 mg/m? on LTIC after 3-h incubation (32).

Charge Effects on Rates of Protein Adsorption

Figure 8 shows the initial rate of NCC, (d(NCC)/dt),=0,
as a function of the potentials on both LTIC and gold elec-
trodes. Although the points are somewhat scattered, the gen-
eral trend for the change in (d(NCC)/dt),—p vs Uis consistent
with that in NCC vs U; i.e., on LTIC the more negatively
charged surface adsorbs proteins faster initially but on gold
the more negatively charge surface adsorbs positive proteins
faster or vice versa. It supgests that a high adsorption rate
(including both transport and reaction processes) usually
results in high surface concentration. It may be also true that
a high surface concentration is usually accompanied by a
high adsorption rate.
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FIG. 8. Initial rates of normalized capacitance change due to protein
adsorption from PBS (10 m M phosphate and 100 m M NaCl, pH 7.4) as
functions of electrode potentials on LTIC (A) and gold (B). Protein con-
centrations (mg/ml): HSA, 0.50 (circles); HFG, 0.05 (squares): SOD, 0.50
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XPS as an Independent Test

XPS provided another measure of I' as a function of the
charge density of the solids. Two LTIC plates were connected
to the DC offset. Proteins were allowed to adsorb onto the
plates at potentials identical in amplitudes but opposite in
polarities. The I" of HSA adsorbed on these plates measured
by XPS is displayed in Fig. 9. Since clean LTIC and PBS
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FIG. 9. XPS measurements of the nitrogen signal from 0.50 mg/ml
HSA adsorbed from PBS (10 m M phosphate and 100 m M NaCl, pH 7.4)
on LTIC surfaces with different potentials.
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have no detectable nitrogen, nitrogen signals are attributed
to adsorbed protein. Indeed the XPS data confirm that the
LTIC surface, with more negative charge, adsorbs more HSA.
Adsorption of HFG shows the same trend but the potentials
of LTIC (400 mV) have virtually no effects on LSZ ad-
sorption, which is comparable to the corresponding points
in Fig. 5 (data for HFG and LSZ not shown) (5).

DISCUSSION

The foregoing results clearly show that under neutral and
acidic conditions the more negatively charged LTIC adsorbs
more protein, regardless of the nature of the proteins. Similar
results were obtained with glassy carbon and platinum as
the electrodes by Bernabeu and Caprani ( 16). They specu-
lated that cations bridged the negatively charged surface and
proteins. We examine several processes that may be respon-
sible for the insignificant role of electrostatic interactions in
protein adsorption on LTIC.

Five Possible Mechanisms

(1) The dominant interaction is between the surface and
a patch or domain on the protein of opposite charge (2, 11).

(2) Counterions bridge or screen (2, 16, 17).

(3) Negative phosphate or other anions may be specifi-
cally adsorbed, compensating the positive charge on LTIC.

(4) Adsorption of oppositely charged proteins reverses the
sign of the surface charge (37).

(5) Hydrophobic interactions are so dominant that elec-
trostatic interactions are insignificant (13, 38).

Examination of the Validity of the Five Hypotheses

(1) Charged patches are not responsible because overall
electrostatic interactions are operative for protein adsorption
on the gold electrode. Electrostatic interactions seem to be
solid-dependent rather than protein-dependent. Besides, if a
surface tends to adsorb proteins whenever they have oppo-
sitely charged regions, then the positive LTIC surface should
adsorb more LSZ and HSA through interactions with their
negative patches even though the global proteins are posi-
tively charged (39).

(2) Cation bridging can be discounted because the only
dominant cations are sodium cations, which have very low
screening activity (40). Chloride anions would have higher
screening ability. The effect of cation bridging, were it present,
would have been reduced in a solution with much lower
ionic strength (8, 13).

(3) The specific anion adsorption argument is inappro-
priate because similar adsorption patterns are seen while us-
ing nonphosphate solutions (data not shown) (5). Compared
with water molecules, contact-adsorbed ions occupy only a
small portion of a solid surface even under extremely high
potentials (41).
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(4) The charge reversal process cannot explain the initial
adsorption rate which does not indicate that negative proteins
were adsorbed faster on a more positive LTIC surface before
the charge reversal happened.

(5) The hydrophobic nature of LTIC surfaces (43), the
tendency of adsorbed proteins to denature (44), and irre-
versible adsorption (32 ) suggest that the hydrophobic inter-
action is the dominant force for protein adsorption on LTIC.
Specifically, the phenomenon of suppressed electrostatic in-
teraction is frequently seen when proteins are adsorbed on
hydrophobic surfaces (13, 16, 38, 45), where hydrophobic
interactions tend to override electrostatic interactions (46).
Yet this simple overriding mechanism cannot explain why
the negative LTIC surface adsorbs more proteins than the
positive carbon surface.

Our Hypothesis

We formulate a tentative hypothesis that is essentially a
modification of the hydrophobic dominance theory, with
addition of the influence of interfacial water: the imposed
charge on LTIC alters the structure of water near the interface,
with a more negative charge making the solvation water easier
to displace by proteins. This means that the water on a more
negatively charged LTIC is less organized so there is less
entropic gain when it is displaced, or that negative LTIC
creates a small gap between the water and the surface so
proteins are easier to attach to the surface. In order to be
adsorbed, proteins have to compete with the interfacial water
for surface adsorption sites (28, 47). The structure of the
interfacial water thus greatly affects adsorption of either ionic
or nonionic species (47). Although the higher surface charge
density makes the water—surface interaction stronger, other
factors of the water solvent, such as reorientation, clusters,
local ordering, and hydrogen bonding, also modify the in-
teraction (28, 47). Urry believes that there exists a compe-
tition between apolar and polar species for water of hydration.
Existence of charge on a hydrophobic surface can destructure
nearby water molecules involved in hydrophobic hydration.
Subsequently an increase in surface charge decreases hydro-
phobic interactions (48). That is why the potential for a
maximal surface concentration (Uy,) of organic adsorption
is near U, (41, 47). The Cd-U plot looks like Fig. 6 for
protein adsorption at pH 10.6. However, U, is not usually
equal to U,.o because other interactions are also involved,
such as those due to water structuring at charged surfaces.
Thus Uy, is not necessarily equal to U,—y. On many metal
electrodes Uy, appears at more negative potentials than U, _,
(41). For LTIC, the I'-U relation may look like the one in
Fig. 10. An inference can be used to explain Fig. 6. When
pH is 10.6, U, probably happens to be at the zero potential
(Up) of the x axis. It is equivalent to shifting the curve in
Fig. 10 toward the right until the U, overlaps U, ..
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Does the protein adsorption on
LTIC occur in this potential range?

Surface concentration

Potential difference (Um - Ug=0), V

FIG. 10. Hypothesis on the carbon-water interface and protein ad-
sorption. The hypothetical [—-{/ relationship: the monotonical decrease in
T with U may fall in the range of the LTIC potential varation.

About the Initial Adsorption Rates

The electrostatic interaction, being a long-range force,
should reverse the Cd-U dependence of the initial adsorption
rate (Fig. 9), a diffusion-controlled process. However, hy-
drophobic interactions are also long range (51). The inter-
action force between two mica surfaces coated with proteins
shows that the hydrophobic interaction is in the range of 60
nm while the electrostatic interaction appears at 75 nm (52).
Tilton et al. showed that the hydrophobic force is operative
as far as 25-80 nm (53).

CONCLUSIONS

Impedance measurements probe protein adsorption by
detecting changes in double-layer capacitance. Surface charge
effects of LTIC and gold on protein adsorption are studied
by imposing a DC offset. At pH 7 and 4, the more negatively
charged LTIC adsorbs more proteins of either positive or
negative charge. Variation of ionic strength has no significant
effect on this trend. At pH 7 the charged gold surface adsorbs
more proteins that bear opposite charge to the gold. The
initial adsorption rate has a similar relation with the surface
charge as does the surface concentration. The electrostatic
interaction is not of major significance in the interactions
between the LTIC surface and the proteins studied. We hy-
pothesize that the hydrophobic interaction is stronger than
the electrostatic interaction. The hydrophobic interaction can
be altered through changing the structure of interfacial water
by the imposition of charge on the LTIC surface. The ca-
pacitance change due to protein adsorption as a function of
the surface potential shows the importance of considering
the process as a competition between proteins and water for
the solid surface. The state of interfacial water and its inter-
actions with the surface play an integral role in protein ad-
sorption. The effect of surface charge on protein adsorption,
especially on hydrophobic surfaces, is a complex process,
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which cannot be directly explained by the simple electrostatic
interaction. That is probably why surface charge cannot be
the sole factor in determining the thrombogeniety of a blood-
contacting material.
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Protein adsorption on low temperature
isotropic carbon

III. Isotherms, competitivity, desorption and exchange of
human albumin and fibrinogen

L. Feng and ].D. Andrade

Department of Bioengineering and Department of Materials Science and Engineering, 2480 MEB, University of
Utah, Salt Lake City, UT 84112, USA

In this paper we consider the adsorption of albumin and fibrinogen on low temperature isotropic
carbon (LTIC). A subsequent paper considers the adsorption of other plasma proteins [Feng L,
Andrade JD, Colloids and Surfaces (in press)]. Carbon fragments and silica plates were used as
adsorbents. Adsorption was carried out by incubating the adsorbents in solutions of 25|_|abelled and
unlabelled proteins (single component system), or with buffer-diluted human plasma (multicomponent
system). Adsorbed proteins then underwent displacement by buffer, by single protein solutions or by
dilute plasma. Results show that the LTIC substrate adsorbs a large amount of proteins before
saturation, which may be due to multilayer adsorption. LTIC also irreversibly holds adsorbed proteins
against the exchange agents used; little adsorbed proteins can be displaced, even after a very short
adsorption time. There is no preferential adsorption for either albumin or fibrinogen on LTIC from their
binary solutions, suggesting that both proteins have high affinities for the surface. Such strong
interactions between LTIC and proteins are not attributed to electrostatic interactions. On the other
hand, protein adsorption on the silica surface is selective and reversible, with a much higher affinity
for fibrinogen than albumin and an even higher affinity for some other plasma proteins. The electro-
static interaction is thought to be the major force responsible for silica protein binding. The paper also
discusses the effect of sequential protein addition to a solution on the surface concentration and
suppression of adsorption of both proteins in the presence of other plasma proteins. A very important
conclusion is that the LTIC surface is very active towards protein adsorption.

Keywords: Protein adsarption, blood compatibility, carbon, silica, radicisofopes

Received 28 June 1993; accepted 23 August 1993

Low temperature isotropic carbon (LTIC), a reputed
blood compatible malerial, is mainly used as prosthe-
tic heart valves. It is supposed to strongly interact with
adsorbed proteins since its surface is basically
hydrophobic and of relatively high energy'™. On the
other hand, some studies indicated that the LTIC
surface is inert and has weak interactions with
proteins. For example, it has been reported that the
adsorbed  proteins were not conformationally
changed®, had short residence time and were easily
desorbed®. Does LTIC achieve its blood compatibility
via strong or weak interactions with plasma proteins?
If the former is true, the surface is probably passivated
by tenaciously adsorbed protein layers. If the latter
holds the surface should be intrinsically weak or
passive to plasma proteins. We have taken a compre-
hensive look at this controversial issue in our series of
studies™ ™,

Correspondence to Dr .D. Andrade.

Our working hypothesis was that due lo its surface
characteristics  (conductive, relatively non-polar,
relatively high surface energy and especially relatively
hydrophobic”), LTIC is bound to have a strong
tendency to adsorb proteins, resulting in a strongly
adsorbed and denatured prolein layer. In a previous
report we showed that the LTIC surface largely alters
the conformation of adsorbed proteins”. In this paper
we examine other attributes of LTIC on the adsorption
of human serum albumin (HSA) and human fibrinogen
(HFG), two important plasma proteins in the context of
blood compatibility. Some of the issues addressed are
adsorption isotherms from singular and multicompo-
nent solutions, competitive adsorption from HSA/HFG
binary systems and dilute plasma, desorption in buffer
solutions, exchange by proteins, or exchange by surfac-
tants. To accomplish these tasks we utilized the radioi-
solope labelling method for detection of adsorbed
protein, competitive  adsorption and protein
exchange'®"*. We also used silica as a comparison
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0142-9612/94/050323-11
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substrale, since it has a very different surface from
LTIC: il is very polar, hydrophilic, non-porous, non-
conductive and of high charge density.

EXPERIMENTAL

Materials

LTIC fragments of 0.2-1.0mm and LTIC plates of
10 x 12mm were from Sorin Biomedica (Saluggia,
Italy). Before adsorption, LTIC plates were polished
and rinsed in accordance with the procedure
published elsewhere”. LTIC fragments were used as
received without further treatment. Due lo the limited
supply of plates, most results were obtained on the
fragment samples. Plate samples were used mainly for
calibration purposes. Because of the similarities of the
structures and the compositions for the unpolished
and the polished carbons, it is assumed that adsorplion
resulls are comparable between LTIC fragments and
plates”.  Fused  silica microscope  plates,
2.7 x 7.5 x 0.1cm, from ESCO Product Co. were cut
into 1.2x1.0cm pieces. They were soaked in a
chromic acid bath at 80°C for 30 min and thoroughly
rinsed with Milli-Q water (Millipore, Bedford, MA)
and then with double distilled water prepared with a
quarlz distiller (Heraeus, Quardzschmelze, Germany).
After use, the silica plates were precleaned in chromic
acid until the gamma counts returned lo background
level. The recycled plates then underwent an identical
cleaning procedure to the new ones. Pyrex glass
culture tubes, in which the experiment took place,
were cleaned in the same way.

Two plasma proteins were used without further
purification: HSA (crystallized. purity 98%) from ICN
Biomedicals (Irvine, CA) and HFG (crystallized, 95%
clottable) from Calbiochem (La Jolla, CA). Citrated
human plasma, centrifuged at 4000g for 5min and
pooled from 10 individuals, was purchased from the
Blood Bank of University Hospilal, University of Utah.
Radioisotope '*"1 was purchased from Amersham
(Arlington Heights, IL) in the form of sodium iodide in
dilute NaOH solulion with a specific activity of
17mCi/mg or 100 mCi/ml. Auxiliary chemicals for
labelling were Chloramine T from Eastman Kodak
(Rochester, NY) and sodium thiosulphate from Fisher
Scientific (Fair Lawn, NJ). The chemicals used for
phosphate-buffered saline (PBS) were all super pure
grades: sodium dibasephosphate (Ultrix) was from J.T.
Baker Chemical (Phillipsburg, NJ). Sodium hydroxide
(Suprapur) and sodium chloride (Suprapur) were from
EM Science (Gibbstown, NJ). Unless indicated, the
buffer applied was PBS with 10mMm phosphate and
150mm NaCl dissolved in double distilled water. The
buffer capacity was high enough that the pH of a
10 mg/ml HSA solution was slightly decreased to 7.2
from 7.4 of the pure PBS.

Labelling procedure

Labelling of '°I on HSA and HFG followed the
modified procedure of Tollefsen et al.'’. Briefly,
1.5mg HSA or 1.0mg HFG were dissolved in 1.0ml
PBS. So were 10.0mg Chloramine T and 12.0mg

sodium thiosulphate in 2.5ml PBS in two separate
tubes. Five microlitres of Na'*°I solution were pipetted
into the protein solution. Once 50yl Chloramine T
solution were added, the labelling took place right
away. After 60s 50l sodium thiosulphate solution
was added to terminate the reaction. The resultant
solution was purified by passing it through a Sephadex
G-25 column (Pharmacia, Piscataway, NJ). About 15ml
PBS were added to wash the column. Three 0.5ml
portions of the highest concentrations of the labelled
protein were collected. They were mixed together as
the hot protein solution. Its concentration was checked
with a UV spectrometer, around 1.0mg/ml for HSA
and 0.20mg/ml for HFG. The activity was measured
wilh a Beckman radioisotope detector (Model 170M).
The calibration coefficient (CC), c.p.m./mg protein,
was calculated by Equation 1:

c.p.m. (counts)

CC (counts/mg) = Vol (ml).Cb (mg/ml)

(1)

where Vol is the volume of solution for counting,
usually 3.0 ul, and Cb is the bulk concentration of the
protein.  The typical specific activities are
2.0 x 10" c.pm./mg (10mCi/mg) for HSA and
1.0 % 10"c.p.m.fmg (50 mCi/mg) for HFG, i.e. about
one '*°I residue for every 3000 HSA or 100HFG
molecules. The solution of the labelled protein was
stored in a refrigerator at 2-8°C for further use within
2wk.

Adsorption and elution

Protein solutions were prepared by first dissolving the
cold protein in PBS and then adding the hot one.
Slight heating was needed to accelerate dissolution of
HFG but the temperature was kept under 40°C. The
ratio of the labelled to the unlabelled (hot/cold) for
either single protein solulions or spiked dilute plasma
was in the range of 1:20 to 1:40 for fragments, and 1:4
to 1:10 for plates, as the former has a higher surface
area than the latter. The bulk protein concentration
was either measured by UV speclroscopy or simply
calculated from the mass of dry pure proteins and the
solution volume. The activity of a newly prepared
solution was measured each time and its CC was
calculated by Equation 1. This way the counts to mass
relation did not change with radioisotope decay.

Fifty milligrams of LTIC fragments were weighed in a
polypropylene scintillation tube, or an LTIC or silica
plate was put in a Pyrex culture tube. They were
prewetted by 1.0ml PBS for at least 2h beflore being
mixed with the concentrated protein solutions. The
tubes where adsorption was taking place were
incubated at room temperature while being lightly
shaken. At the end of adsorption, each plate was taken
out and flushed with a stream of PBS for 10s. The
activity was counted with the plate on the detector’s
platform. For the fragment sample, the protein solution
was removed with a pipette, PBS poured in, the solid
and liquid mixed on a mixer (Vortex Genie Mixer,
Scientific Product, Evanston, IL), and the washing PBS
removed again. Similar steps of washing and dischar-
ging were repeated three to five times. Further rinsing
would bring down the counts no more than 1%. The
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solid sample in the (ube were counted. The surface Solution concentration of HFG, mg/m
concentration (mg/m?) was calculated by Equation 2. 00 02 04 06 08 10 12 14 16 18 20
Usually samples in a batch were measured in duplicate e = e
or triplicate. g
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After the initial counting, the solid substrates were = [ i

dispersed and immersed in 1.0-1.5ml eluting 1

solutions for elution or exchange. Some studies avoid el s T Bl 0

exposing the protein-coated fragment surface to air
before elution, because the air—protein or air-water
interface could accidentally modify the state of the
adsorbed protein. It turned out that this was not
necessary since there was no difference in protein
displacement whether or not the fragments had been
exposed to air before elution.

RESULTS

Adsorption isotherms

Two concerns in experiments using labelled proteins
are if the labelled protein can be successfully separated
from the labelling agent, e.g. '*’I, and if the label
modifies the genuine adsorplion properties of the
protein'®. One only measures the properties of the
labelled protein but discusses the unlabelled protein in
general; such generalization should be justified'®. Even
though the labelling method we use has been well
established, we performed a simple test to check the
adsorption preference’, Hot and cold proteins were
mixed in different ratios while the total protein concen-
tration was kept constant. Conceptually, if the surface
preferentially adsorbs the labelled protein, the higher
ratio of hot to cold will result in a higher surface
concentration, or vice versa. The results® (not shown)
show thal there is no significant difference in surface
concentrations for the three ratios. Therefore, it is
probably safe to say that there is no preferential adsorp-
tion of the labelled or unlabelled HSA and HI'G onto
the LTIC surface under these conditions,

Figure 1 shows adsorption isotherms of HSA and
HFG on LTIC fragments from PBS solutions after 3h
incubation. The isotherm of HSA on polished LTIC
plates is similar to that in Figure 1° It should be
emphasized that the precise surface area of the
fragments was not known. An estimate was obtained
by dividing the surface concentration of HSA on the
fragments (mg/g) by that on the plates (mg/m?) to get
the area (m”/g) of the fragments, assuming that the
adsorbed amounts on both LTIC substrates are the
same. For example, when using 0.10mg/ml HSA
solution, the surface concentration on fragments was
0.055 mg/g and that on plates was 2.5 mg/m?. The ratio
of 0.055:2.5 is 0.0220m®/g, which is the approximate
surface area for the fragments, We noted that the
surface area of fragments was slightly dependent on
the prewetting time: a longer wetting time shows a
marginally higher surface area. For instance, the
adsorbed amount of HSA on the fragments prewetted
for 16 h is about 10% higher than that on the fragments

4 5 5] 7 8 g 18
Solution concentration of HSA, mg/ml

Figure1 Adsorption isotherms of HSA, @, and HFG, [, on
LTIC fragments after 3 h incubation.

of 2h prewetting, probably due to slow penetration of
water into the pores. Because of this uncertainty and
that from the surface area estimation, the calculated
surface concentration on LTIC fragments can be
treated only as semi-quanlitative values.

Observations from the isotherms are:

1. The isotherms for both proteins do not reach
plateau until high bulk concentrations are used:
about 5.0mg/ml for HSA and 1.0mg/ml for HFG.
The result for HSA is in concert with that from the
impedance measurement®, where LTIC plates were
used.

2. The surface concentrations are high at the plateaus
for both proteins: 5.8 mg/m® for HSA and 23 mg/
m* for HFG.

3. The surface concentration of HFG is about two to
five times higher than that of HSA for the same
bulk concentration solutions. The ratio of surface
concentration of HSA to HFG is 0.18 at 1.0 mg/ml,
comparable to the ratio of 0.24 at 1.0mg/ml on
ultra-low temperature isotropic carbon'®, which
has a very similar surface structure to LTIC,

Table 1 lists HSA adsorption results from undiluted
plasma and from concentrated HSA solution. With a
concentration of 40 mg/ml, approximately the concen-
tration of HSA in plasma'’, the surface concentration
is 23 mg/m”. At such a high protein concentration, the
solution pH has become 6.1 instead of 7.4, HSA can
adsorb more when the solution pH is closer to its pI
(pH 4.7)'®. Nevertheless, the result indicates that on
LTIC the surface concentration can be very high (see
later discussion). The surface concentration of HSA is
still around 7mg!m2 from undiluted plasma (pH 7.4).
This is a very high surface concentration, because now
the adsorption of HSA is competed by other plasma
proteins, some of which have very high surface
activities, such as HFG. The topics of competitive
adsorption and protein exchange will be discussed
later.,

Multistep adsorption

We designed this set of experiments (o examine inhibi-
tion effects of earlier adsorbed proteins (preadsorption)
on later adsorbed ones (postadsorption). The adsor-
bents were first incubated in a solution of unlabelled

Biomaterials 1994, Val. 15 No, 5
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Table 1 Surface concentration of human serum albumin (HSA) on low temperature isotropic carbon fragments from undiluted plasma and

concentrated HSA solution

Protein solution Adsorption time Before exchange After exchange* Unexchanged
(h) (mg/m?) (mg/m?) (%)

Plasma 3 6.5+ 01 5.3+0.0 81.5
13 79+08 59+01 75.2

HSA! 3 23.4+0.0 17.0£0.7 727
18 23.3+04 17.84+0.7 76.6

*Exchanging solution: 0.1 mg/m| HSA in PBS for 18h.
IConcentration: 40mg/ml; pH 6.1,

proteins for a certain amount of time and then a
solution of labelled proteins was added for postadsorp-
tion. Surface concentrations were measured at differ-
ent time intervals. Figures 2 and 3 show suppression
of HSA and HFG adsorption, respectively, by pre-
adsorption of HSA. Figure 4 illustrates these results
and presents tentative explanations. In Figure 2a the
unlabelled HSA was first adsorbed on LTIC fragments.
After 2h, the labelled HSA was added. Obviously,
postadsorption was greatly suppressed by the pre-
viously adsorbed HSA on LTIC as the surface concen-
tration for 60min postadsorption is reduced by about
77%. The percentage reduction is even higher when
the postincubation lime is shorter. Note that the HSA
concentration for preadsorption was just 0.10 mg/ml, a
rather dilute one. The above observation indicates that
the postadsorbed HSA cannot replace the preadsorbed
HSA, so it only fills some voids or stays on top of the
preadsorbed protein (Figure 4a). On silica (Figure 2b),

°
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Figure2 Surface concentrations of postadsorbed HSA
(0.10 mg/ml) on LTIC fragments, a, and on silica, b, with, @,
and without, ©, 2h preadsorption of 0.10mg/m| HSA.

although the preadsorption still reduces the postad-
sorption, its etfect is much lower than that on LTIC,
only a 23% decrease at a concentration of 0.10 mg/ml,
indicating possible incomplete coverage of the
preadsorption or protein exchange (Figure 4b). In
Figure 3, the postadsorbed protein was HFG bul the
preadsorbed one was still HSA. In this case, 0.10 mg/
ml HSA preadsorption can only reduce postadsorbed
HFG by 46% on LTIC. Preadsorption of a higher
concentration of HSA, 1.0 mg/ml, can bring the surface
HFG level down by 80%. This suggests that much of
the HFG can stay on top of the preadsorbed HSA
(Figure 4c). At the higher concentration, preadsorbed
HSA probably results in fewer voids and may be HSA
multilayer adsorption, and thus has a higher suppres-
sion capability (Figure 4d). On silica, the influence of
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Figure3 Surface concentrations of postadsorbed HFG
(0.10 mg/m1) on LTIC fragments, a, and silica plates, b, with
and without 2 h preadsorption of HSA. B, No preadsorption;
®, 0.10 mg/ml HSA preadsorption; A, 1.0mg/ml HSA
preadsorption.
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Figure4 Schematic representations of Figures 2 and 3.
The thickness of adsorbed proteins shows only the relative
amount with no implication of structure of protein layers.
Column: 1, without preadsorption; 2, with preadsorption; 3,
cartoon graphics of 2. a for Figure 2a, b for Figure 2b, c for
Figure 3a with 0.10 mg/m| HSA precoating, d for Figure 3a
with 1.0mg/ml HSA precoating and e for Figure 3b. ¥,
carbon substrate; 8, silica substrate; [ unlabelled HSA;
1, labelled HSA; El, labelled HFG.

preadsorption is very small; even 1.0mg/ml HSA
preadsorption merely reduces subsequent adsorbed
HFG by 27%. Notice that HFG results in much higher
surface concentration on silica than HSA (Figure 4e),
implying very different affinities of these two proteins
for the substrate. Significant protein exchange Iis
expected due to weak adsorption of HSA on silica.

Figure 5 shows the results of HSA adsorption on
LTIC fragments from single-step and multistep protein
addition. In the former case, LTIC was incubated in
HSA solutions of 0.02, 0.07 and 0.20mg/ml, respec-
tively, for 60 min and the surface concentrations were
measured. In the later cases, the adsorption first took
place in the solution of 0.02 mg/ml for 5 or 60 min, For
the two-step adsorption, the adsorbent was incubated
in the solution of 0.07mg/ml for another 60 min. For
the three-step adsorption, the LTIC fragments
underwent a third incubation in 0.20 mg/ml HSA. As
indicated in Figure 5, the surface concentrations are
very similar for all cases, regardless of how many steps
of adsorption were used, so long as the solution concen-
tration for the last adsorption is the same.

Competitive adsorption of HSA and HFG

Figures 6 and 7 show that the presence of other plasma
proteins suppresses the adsorption of HSA and HFG to
different extents on either LTIC or silica substrates. In
both single protein and diluted plasma solutions, the
proteins of interest were adjusted to certain concentra-
tions, as indicated along the x-axes, and the plasma
was diluted accordingly. For instance, since the
approximate concentration of HSA in plasma is 40 mg/
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Figure5 Single-step versus multistep adsorption of HSA
on LTIC fragments. U, One step (adsorption time 80 min);
N, two steps (5 and 60min); &, two steps (60 and 60 min);
&, three steps (5, 5 and 60min); &, three steps (5, 60 and
60 min); M, three steps (60, 60 and 60 min).

ml, plasma was diluted by PBS to 1:400 to get 0.10 mg/
ml of HSA. By the same token, plasma was diluted to
1:30 for HFG to achieve the same concentration,
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Figure6 Adsorption isotherms of HSA, a, and HFG, b, on
LTIC fragments from single protein solutions, ®, and from
diluted plasma, H.
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assuming that HFG in plasma is about 3 mg/ml1*°, From
Figure 6, at the HSA concentration of 0.20mg/ml in
both the diluted plasma and single HSA solution, the
surface concentration of HSA is 1.6 mg/m® from the
diluted plasma, while it is 3.0mg/m® from the single
HSA solution. So, in the presence of other plasma
profeins, the adsorbed HSA is 55% of that in the
absence of them. HFG is 35% for the same compari-
son. The mass of HSA is a little more than 50% of the
total mass of plasma proteins, while HFG is no more
than 4%. It is very interesting to note that 55% of the
normalized surface concentration for HSA is almost
the same as the 50% ratio of HSA versus total plasma
proteins. This implies that the LTIC surface adsorbs
proteins from a mixture according to their composi-
tions, and also suggests that multilayer adsorption of
HSA from dilute plasma is negligible. Therefore, at
least for the first layer of adsorbed proteins on LTIC,
there is no preferential adsorption. This phenomenon
will be further discussed later. It is also informative to
compare 35% of the normalized surface concentration
for HFG and 3% of HFG in total plasma proteins. The
surface concentration of HFG is still very high, even
though a total protein concentration 25 times greater is
competing for the adsorption. Since HFG canmnot
successfully compete with HSA for direct surface sites
on LTIC (shown later), we suggest that the dispropor-
tional surface concentration of HFG is because HFG
adsorbs in multilayers, presumably on surfaces of

already adsorbed proteins. Our results from two-
dimensional gel electrophoresis further showed these
different adsorptivities of HSA and HFGP.

The suppressed adsorption of HSA and HFG is much
more significant on silica. The surface concentrations
for both proteins become very low in the presence of
other plasma proteins. Neither HSA nor HFG can
compete and adsorb on silica. Notice that at lower
total protein concentration, the suppression of HFG is
not so great as that at the higher concentration, even
though the protein ratio is not changed. Nearly identi-
cal curves were reported by Wojciechowski et al. on
glass after 5 min of adsorption'?; they attributed this to
the Vroman effect, in which up to a certain protein
concentration little lateral interaction takes place, but
beyond the threshold concentration, surface ‘crowding’
begins to take effect so that HFG is rapidly displaced
from the surface. There are two alternative explana-
tions: at low concentration the amount of proteins that
can displace adsorbed HFG, e.g. high molecular weight
kininogen (HMWK, <100pug/ml plasma) and high
density lipoproteins (HDL)'%8, is not sufficient to
displace all adsorbed HFG; and at low concentration
many surface sites are available for all proteins, so
increasing concentration increases HFG occupancy,
but high concentration promotes competitivity?’.

To make the interpretation simpler, a binary system
was prepared by mixing unlabelled HFG with labelled
HSA at different ratios for one set of solutions, and
unlabelled HSA with labelled HFG for another. Adsorp-
tion was measured on LTIC and silica substrates. The
results are shown in Figure 8. Both (a) and (b) use the
weight composition of HFG in the protein mixtures as
the abscissa. In Figure 8a, the HSA concentration was
kept at 0.10mg/ml and the amount of HFG was varied
to achieve the ratio values, e.g. HFG is 0.005mg/ml
when HFG/(HFG+HSA) is 0.05 and 0.40 mg/ml when
the ratio is 0.80. In Figure 8b, the constant is HFG
concentration (0.10mg/ml) and the variant is HSA
concentration, e.g. HSA is 0.70mg/ml when HFG/
(HFG+HSA) is 0.125 and is 0.025mg/ml when the
ratio is 0.80. Therefore, the total protein concentrations
of HFG+HSA vary along the x-axes. They are not
usually equal for a given composition in Figure 8q and
Figure 8b. For the ordinates the normalized HSA
surface concentration is used in Figure 8a and the
normalized HFG surface concentration is used in
Figure 8b. The normalized surface concentration is
defined as the ratio of the adsorbed amount from the
binary mixture to that from the single protein solution.
For example, on LTIC the surface concentration is
2.4mg/m® for the single component solution of
0.10mg/ml HSA and is 1.4mg/m* for the binary
solution of HFG/(HFG+HSA)=0.50, with the HSA
solution concentration still being 0.10mg/ml. The
normalized surface concentration is thus 58.3%. From
the practical point of view, Figure 8a and b comple-
ment each other, both revealing the following facts:

1. On LTIC the surface concentrations for both
proteins are proportional to their compositions in
the mixtures, but not on a one-on-one basis,
suggesting the absence of preferential adsorption
on LTIC, as discussed before.
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Figure8 Ratios of surface concentrations of HSA, a, and
HFG, b, from HSA/HFG binary systems versus those from
their singular systems on LTIC fragments, @, B, and silica
plates, O, [0, after 3h incubation. a, 0.10mg/ml HSA; b,
0.10 mg/ml HFG.

2. Silica is overwhelmingly occupied by HFG unless
its composition is below 10%. This result is
similar to Fenstermaker’s®!, This clearly shows the
preference of HFG over HSA on silica.

Reversibility of adsorption

Reversibility of adsorption is described here by three
terms: elutability, exchangeability and displaceability.
The first term is defined as how much protein can be
washed off or displaced from a surface by PBS in the
absence of added proteins. The second is how much
adsorbed protein can be displaced or exchanged by
proteins in solution, which can be HSA, HFG or
plasma solutions. The third stands for the percentage
of proteins that are displaced from a surface after
elution or exchange. A variety of solutions were used
to study reversibility and they fall into three
categories: dilution of solution, changes in ionic
strength and exchange against displacers (proteins or
surfactants)?'. \

As Figure 9 shows, very little displacement of both
proteins takes place on LTIC after 2 or 18 h incubation
in pure PBS, HSA, HFG or diluted plasma; both
elutability and exchangeability are less than 10%. Less
than 2min of adsorption is long enough to sufficiently
stabilize the adsorbed protein. This phenomenon has
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also been indicated in Table 1, where elutability of
adsorbed HSA from 3 or 18h incubation is similar.
Postadsorbed proteins, however, need more time to
strengthen the adsorption. As shown in Figure 10,
when postadsorption was shorter than 10 min, displa-
cement of HSA is relatively significant, in contrast to
the preadsorbed value. For instance, after 2h
exchange, the undisplaced HSA is 61 and 72% when
postadsorption time is 2 and 5 min, respectively. After

100 - &
" i 2
10
32
= 904 a]
£
A
§ 80 |
a
o
i o
2 70
=,
60 - T T - ; T ' T T Lk o
0 10 20 30 40 50 60

Postadsorption time, min

Figure10 Undisplaced preadsorbed, M, ®, and postad-
sorbed, [, A, HSA (0.10 mg/ml) from LTIC with 0.20 mg/ml
HEA solution. Exchange time: @, A, 2h; M, O, 16h.
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10 min the undisplaceability is higher than 90%. This
shows that the stabilization of HSA on top or in voids
of a proteinated surface takes longer than on a bare
carbon surface,

One way of increasing the buffer elutability is to
increase its ionic strength to minimize the electrostatic
interaction between adsorbed proteins and the
surface'. Figure 11 shows the elutability of HSA and
HFG from LTIC at three ionic strengths, Higher ionic
strength apparently has no effect, even when the
incubation time is as long as 17h. This result further
eliminates any major role played by electrostatic
interactions between the LTIC surface and the
adsorbed proteins®. Proteins on LTIC are so difficult to
remove that even 2% sodium dodecyl sulphate only
elutes 18% of adsorbed HSA after 16h incubation. A
significant portion of adsorbed HSA can be exchanged
if the surface is incubated in a fairly concentrated
protein solution for prolonged times®?. The displaced
HSA is as high as 30% when the exchanging solution
is 1:10 diluted plasma (about 8 mg/ml total proteins)
over an incubation time of 100h”. Although this may
not seem very high, 30% is the highest amount ever
achieved on LTIC in this work. However, we must be
aware that in addition to protein exchange, another
possible consequence of long-term incubation is proteo-
lytic degradation of adsorbed proteins that prolonged
incubation may have brought about®’. So, the adsorbed
protein could be stripped from the surface by chemical
rather than solely physical mechanisms.

In contrast to the case of LTIC substrates, proteins are
readily eluted or exchanged from silica surfaces.
Usually, about 50% of adsorbed protein can be
displaced either by pure PBS or protein solutions in a
matter of a few hours. Figure 9a demonstrates that
either dilute plasma or solution HFG can effectively
displace adsorbed HFG from silica in only 2h.
Actually, pure PBS is equally effective as an eluent.
The elutability depends on adsorption time, as
expected; less time results in higher elution. Figure 12
shows that the HFG adsorbed after HSA precoating is
more difficult to elute. This plot looks like a mirror of

Figure 4b, suggesting that the HFG that has displaced

HSA may be harder to elute. Figure 13 shows the
exchange of adsorbed HSA with solution HSA as the
exchanging agent. Two facts are worth noticing: unlike
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elution with PBS as functions of adsorption time and 2h
preadsorption of HSA. M, No preadsorption; @, 0.10 mg/ml
HSA preadsorption; A, 1.00 mg/ml HSA preadsorption.

HFG, postadsorbed HSA is easier lo elute, and the
percentage of exchanged HSA is comparable to that of
HFG, although HSA'’s absolute surface concentration is
much lower than that of HFG. It was also observed that
moderate increases in ionic strength of eluent PBS
enhanced protein elutability to some extent (Figure
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14). This effect suggests that electrostatic interactions
play a significant role in protein adsorption on silica'.
A very high NaCl concentration lowers the elutability,
a consequence of salting out, i.e. too high a salt concen-
tration results in precipitation of proteins in solution.

DISCUSSION

Monolayer or multilayer adsorption

Although proteins often adsorb as monolayers®®,
multilayer adsorption is not uncommon, especially
when the solution concentration is high®®. The surface
concentration corresponding to a monolayer varies and
is dependent on the protein, its molecular orientation
and conformational state, and the type of substrate.
The theoretical monolayer coverage for HSA is 2.5 mg/
m? for side-on orientation and 8.2mg/m?* for end-on
orientation®”. The values for HFG are 2.0 and 18 mg/
m?, respectively’. Thus, if judged only by the
isotherms, almost all the detected surface concentra-
tions in Figure 1 will fall into the monolayer range.
Nevertheless, multilayer adsorption cannot be ruled
out based on the following facts:

1. A monolayer is usually achieved with a solution of
0.05-0.15 mg/ml proteins®®, with a surface concen-
tration around 2.0 mg/m®. For instance, for HSA it
is 1.7 on polyethylene, silicone rubber, polyvinyl
chloride and polyether urethane®*??, 2.1 on polyvi-
nyl chloride™, and 0.8 mg/m® on polystyrene®’.
Incidentally, there is an inflection between the
concentrations of 0.5 and 1.0 mg/ml at the surface
concentration around 2.5mg/m® in agreement
with most monolayer values. The monolayer
amount for bovine fibrinogen is 14 on polyether
urethane-nylon, 12 on polyvinyl alcohol®®, 4.2 on
polyethylene and polyvinyl chloride®”, and 3.0 on
polymethyl methacrylate-based polymers™.

2. The large amount of adsorption, 23 mg/m?, from
the solution of 40 mg/ml HSA is surely beyond the
monolayer range.

3. Saturation (plateau) values do not necessarily
indicate monolayer coverage; it could be a factor
of 2 or more above or below?”,

4, With a powerful eluent, the elution of adsorbed
HSA from higher concentration solutions is larger
than that from the lower ones (data not shown)®.
One explanation is that the adsorbed proteins in
the outer layers are easier to remove.

In multicomponent systems, more than one layer
adsorption seems to be more prominent, especially for
HFG. The supporting facts are:

1. Even though LTIC has been likely entirely covered
by HSA from its 1.0mg/ml solution, the postad-
sorption of HFG from its 0.10mg/ml solution is
still impressive, 2.3 mg/m? after 60 min postadsorp-
tion (Figure 3a). Since displacement of adsorbed
HSA can be neglected, most adsorbed HFG has to
be on top of the HSA layer.

2.  When its concentration is 0.10 mg/ml in the diluted
plasma, the surface concentration of HFG reaches
4.7 mg/m?, not much lower than that of the single

HFG solution, 12.0 mgf’m2 (Figure 6b). Recall that
HFG constitutes less than 4% of the total mass of
all plasma proteins. It is likely that most adsorbed
HFG actually resides on adsorbed proteins with
larger abundance, for instance HSA.

No preferential adsorption on LTIC

Figure 8 contains rich information on protein adsorp-
tion, in addition to confirming the overwhelming
surface activity of HFG on silica. Il suggests that the
LTIC surface has no selectivity in adsorbing either
HFG or HSA, as there is no noticeable preference of
adsorption for either protein, There is a nearly linear
relationship of surface concentration of both proteins
to their respective composition in the solution. The
percentages on the y-axis versus the composition on
most parts of the x-axis are straight lines, but are not
diagonal. For example, when its composition is 50%,
HFG reaches more than 70% of its surface concentra-
tion of the single HFG solution. At the same composi-
tion where HSA is also 50%, the HSA surface
concentration is still 60%. This is controversial: the
presence of HFG has a smaller influence on HSA
adsorption than is expected from its composition
(Figure 8a), but the presence of HSA also has a smaller
influence on HFG adsorption based on the same
argument (Figure 8b). So, which protein is more active
in this case? The answer is: neither of them, unlike the
postulation that LTIC was selective to HSA. This
phenomenon is very close to the hypothesis of
Sharma: LTIC has the same tendency to adsorb both
HSA and HFG based on the analysis of surface
energetics®’. Their surface compositions are primarily
determined by their ability to arrive at the surface, ic.
their relative abundance in solution and their diffusion
coefficients. Teflon and polyurethanes may have
similar properties®®. Finally, the slight off-diagonal
relationship may be due to three possibilities: different
packing patterns for the adsorption from a binary
system, synergetic adsorption and multilayer adsorp-
tion.

Reversibility of adsorption

The present work clearly demonstrates a very
important phenomenon: the LTIC surface irreversibly
adsorbs proteins but silica does not. Adsorption of
proteins to carbon is so tenacious that even layers
other than the first one may not be displaced (Table 1).
No effective static method has been found to elute
adsorbed proteins from LTIC. This agrees with the
general observation that protein adsorption is irreversi-
ble on hydrophobic surfaces*'. Such strong adsorp-
tion very likely emanates from the hydrophobic
interaction, attributed to being the principal force for
protein conformational stability®. Moreover, this
study finds that, on LTIC, adsorption irreversibly can
be achieved in a short time, less than 2 min. On the
other hand, adsorption on silica is quite reversible, in
agreement with most studies on silica or on other
hydrophilic surfaces'?'. Adsorbed protein layers can
probably be renewed all the time. The weak binding of
silica to proteins could be the consequence of the
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relative indifference of the silica surface towards both
proteins and water, mainly due to its hydrophilicity®?,

A dilemma in protein adsorption

On LTIC as well as on other hydrophobic materials,
protein adsorption is generally characterized by the
following phenomena:

1. kinetic saturation—initial fast adsorption rates
which then quickly slow down and finally level off;

2. isotherms—surface concentration versus solution
concentration shows an S-shaped curve;

3. irreversibility—adsorbed proteins cannot be
removed by ordinary solution.

These characteristics turn the whole adsorption
process into a mystery. If protein adsorption is a one-
way process (irreversibility), why should the surface
concentration stop increasing while the coverage is
way below the complete monolayer when adsorption
is from solutions with low protein concentration?
Proteins would eventually cover the whole surface,
although a lower concentration solution may take
longer. Therefore, why is there an isotherm in the first
place? Every curve would finally become a straight
and flat line if the surface is like a protein sink.

Lundstrom et al.** have reported that on hydropho-
bic (dichlorodimethylsilane-treated) silica surfaces, the
surface concentration of human fibronectin is signifi-
cantly less after successive (multistep) addition of the
protein than that after direct (single-step) addition,
although the same final concentration is reached.
Adsorption on hydrophilic silica exhibits much
smaller differences for different additions. Soderquist
made a similar observation with HSA on a lysine-
phenylalanine co-polymer surface®. The different
behaviour is thought to bé due to the fact that larger
structural changes take place on hydrophobic
surfaces™. The adsorbed proteins on a hydrophobic
surface are severely flattened due to conformational
change, so that they occupy more of the available
surface and leave later-arriving proteins fewer sites to
adsorh. At the higher bulk concentration, the collision
rate of proteins on a solid surface is higher, such that
many of them have arrived at the surface before the
adsorbed protein can fully stretch out (denature).
Thus, the surface concentration is higher. On the other
hand, at a lower bulk concentration adsorbed proteins
have enough time to spread out because fewer
neighbours are around due to the low rate of collision.
Such a surface will not adsorb much more protein,
even in a more concentrated solution, because not
much solid surface is available. The assumption is that
there is no multilayer adsorption. Obviously, LTIC is
different from those hydrophobic surfaces. It adsorbs
proteins without being influenced by the protein
feeding history (Figure 5). Some possible mechanisms
are: slight flattening of adsorbed proteins (even though
they are denatured), fast denaturation rate and an
existing monolayer at a bulk concentration of only
0.02mg/ml. Other possible reasons are: lateral
diffusion that could be a reason for blocking the
collision of other incoming proteins®”, mutual
repulsion of adsorbed proteins with the same charge®®

and different adsorption centres with a spectrum of
activated free energies of adsorption™.

CONCLUSIONS

This work demonstrated that LTIC can adsorb large
amounts of HSA and HFG before saturation (plateau) is
reached. Higher surface concentrations may reflect
multilayer adsorption. The final surface concentration
of HSA on LTIC does not change with the manner of
protein addition (direct or successive) as long as the
protein concentrations are the same for the last added
solution. Despite the competition of other proteins,
adsorption of HSA and HFG onto LTIC from diluted
plasma solutions is only moderately suppressed. The
suppression of their adsorption on silica is much maore
pronounced. Preadsorption of LTIC by HSA inhibits
the subsequent adsorption of HSA significantly, and
that of HFG moderately. This implies that some postad-
sorption takes place on the preadsorbed HSA.
Preadsorption of silica by HSA has much less effect,
suggesting a less effective preadsorption or/and an
exchange process. There is no preferential adsorption
of either HSA or HFG on LTIC from an HSA/HFG
binary system, but silica preferentially adsorbs HFG.
All these phenomena are connected to the fact that
unlike those on silica, adsorbed proteins on LTIC can
hardly be displaced either by buffer or by protein
solutions. This conclusion is further confirmed by the
directly designed experiments of protein displacement.
In dilute protein solution, the displaceability of
adsorbed HSA and HFG is less than 10% on LTIC but
more than 50% on silica. The electrostatic interaction
is shown not to be the driving force for the adsorption
of HSA or HFG on LTIC, but it is probably for their
adsorption on silica. All these factors strongly suggest
that LTIC has a large tendency to adsorb proteins and
keep them irreversibly. The reality is that the LTIC
surface is very active in protein adsorption in spite of
its chemical inertness.
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Abstract

Two-dimensional polyacrylamide gel electrophoresis (2D PAGE) was applied to the study of competitive protein
adsorption from diluted human plasma. We obtained the depletion (adsorption) of some 25 plasma proteins in the
presence of low-temperature isotropic carbon (LTIC) or silica powders. The depletion data are used as a measure of
protein adsorptivity. Generally, proleins of lowest abundance have the highest tendency to associate with the two
solid surfaces studied. The adsorptivity of a protein is largely determined by its solubility. Most proteins detected
exhibit similar depletion behavior on both adsorbents. suggesting a multilayer adsorption process. Three proteins,
hemopexin, apolipoprotein A I, and apolipoprotein A II, are depleted differently in the presence of LTIC and

silica powders.

Keywords: Carbon; Silica; Plasma proteins; Protein adsorption; Two-dimensional electrophoresis

1. Introduction

One of the drawbacks of in vitro studies of
protein adsorption is that the solution conditions
are different from the in vivo environment. Body
fluids are complex systems, containing a variety of
dissolved or suspended species [1]. There are at
least 200 different plasma proteins in blood, consti-
tuting about 7-8% of plasma [2]. However, in
vitro protein adsorption is usually carried out in a
single-component solution with a purified protein.
Even in a competitive adsorption study, rarely
more than three diflerent purified proteins are used
[3-5]. It is therefore difficult to correlate the
protein adsorption propensity of a solid surface
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derived from such highly ideal i vitro experiments
to its behavior in a real bioenvironment. Although
dilute plasma is sometimes used for in vitro protein
adsorption, usually only one kind of protein is
measured at a time [5,6], which makes tedious
work of investigations into adsorption properties
of even a [ew proteins from the mixture. Besides,
the targeted protein has to be labeled so that it
can be detected. Labeling may unintentionally
modify the protein itself and thus its adsorp-
tivity. Elution ol adsorbed protein followed by
one-dimensional electrophoresis [7.8] and “iodo-
grams” [9] have been used to identify multiple
proteins. The sensitivity of these methods is subject
Lo limitations in the removal of proteins from the
surface and possible deleterious effects of the sur-
factants used [7]. Using radio immunoassay, up
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to 10 proteins from plasma can be detected on a
surface for a single adsorption process [10].
However, appropriate antibodies are required for
detecting the adsorbed proteins of interest. There
are also concerns about the generality of antibody
binding to epitopes on adsorbed proteins.

Two-dimensional polyacrylamide gel electro-
phoresis (2D PAGE) can detect many proteins in
a mixture [ 11-167. For the study of competitive
protein adsorption from a multicomponent solu-
tion, this technique demonstrates the [ollowing
advantages:

(1) detection of individual proteins from a multi-
component system simultaneously, quickly, and
conveniently;

(2) no protein labeling, thus eliminating the risk
of modilying protein structure and properties;

(3) no need to purify proteins;

(4) high sensitivity (limitation below 0.02 ng
mm ™ 2) and large dynamic range for quantification
(from 0.02 to 2ngmm 2 on PAGE gels of 1 mm
thickness) [16].

Tn this paper, we present the results of competi-
tive protein adsorption onto carbon and silica
powders from diluted human plasma.

2. Experimental
2.1. Materials

Low-temperature isotropic carbon (LTIC) pow-
ders were obtained by ball milling silicon alloyed
LTIC fragments (a gift from Sorin Biomedica, Ttaly)
in a ceramic jar for 5 h. Their average diameters
were 0.2 um with very broad distributions. The
BET surface area was 544 m? g !, but the protein
accessible area was much smaller, estimated at
around 18 m? g ! [17]. The surface to volume
ratio was about 3.6 x 10° cm !, assuming that the
density of LTIC was 2.0 gcm ® [18]. Silica pow-
ders were from Sigma (St. Louis, MO) with sizes
of 0.5-10 um and a surface area of 1.5m? g '
Citrated plasma, purchased from the Blood Bank,
University of Utah Hospital, was pooled from 10
individuals and stored in aliquots below —20°C.
Phosphate buffered saline (PBS; phosphate
10 mM + NaCl 150 mM, pH 7.4) was prepared

[

with sodium dibasephosphate (Ultrix) from J.T.
Baker, and sodium hydroxide (Suprapur) and
sodium chloride (Suprapur) from EM Science. The
extensive list of chemicals with their specifications
and sources used in 2D PAGE has been published
elsewhere [12].

2.2. Depletion of PBS diluted plasma

LTIC powders were vacuum degassed before
being prewetted with PBS. The procedure has been
described in detail elsewhere [19]. The pooled
plasma (100%) was thawed at room temperature

just before the experiment. Tt was prediluted to

10% with PBS and then pipetted into a polypropyl-
ene centrifuge tube containing a certain amount of
prewetted LTIC powder. PBS was added to fill the
tube to 1.7ml. The suspension of the powders,
plasma proteins and PBS was well mixed, and the
final plasma concentration was 1/30 of the normal
concentration (1.e. 3.3%). The tube was incubated
at room temperature (22°C) while being rotated
for continuous mixing. At a preset time interval,
the tube was centrifuged for 1.0 min; 50 pl of the
supernatant was transferred to another tube for
use as the 2D PAGE sample. The procedure for
silica powders was similar except that a vacuum
was not needed before prewetting, Control samples
were treated identically, although no vacuum
degassing was used as there were no adsorbents in
the solutions.

Two experimental parameters were varied: the
amount of adsorbent (LTIC 0.025, 0.05, 0.10 g;
silica 0.10, 0.33, 1.00, 2.00 g) and the incubation
time (5 min, 1 h, 12 h). The goal for the former was
to find out which protein was most or least likely
to be depleted. When a small amount of adsorbent
is present, the most surface active proteins should
be depleted owing to the limited surface area.
Depletion of less surface active proteins can be
detected when a higher surface area is available.
Since protein concentration also influences the
degree of depletion, this latter quantity will be
presented as a normalized value. Different incuba-
tion times provide information on adsorption
kinetics and protein exchange.
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2.3. Operation of 2D PAGE

The 2D PAGE apparatus was the ISO-
DALT system (Hoefer Scientific Instruments, San
Francisco, CA) [14.15], which can run 20 gels at
a time. The operation is brielly introduced here;
see Refs. [13] and [15] for details.

(1) Tsoclectric focusing (IEF) gels were prepared
in small glass tubing (1.5 mm interior diameter) by
polymerizing acrylamide with cross-linker N, N'-
methylenebisacrylamide. Ampholytes (3—10) were
used to create a pH gradient along the gels after
prefocusing. Diluted plasma samples were loaded
on top of the gels. TEF was run at 1100 V for 20 h.
After the run, the IEF gel was hydrodynamically
pushed out of the glass tubing ready for the second-
dimension run.

(2) The IEF gel was carefully positioned on top
of a slab gel that had been sandwiched between
two glass plates and polymerized with a gradient
in cross-link density. The IEF gel was fixed in
place with agarose glue. Electrophoresis was car-
ried out in a glycine buffer with sodium dodecyl
sulfate (SDS) at 50 mA per gel for §-10 h.

2.4. Staining and quantification

Protein chains in the slab gel were detected by
highly sensitive silver staining [167]. The slab gels
were thus separated from the glass plates and were
fixed in a solution of 50% ethanol and 10% acetic
acid overnight, stabilized in a 2% glutaraldehyde
solution of pH 9.5 for 60 min, stained in a solution
of 0.7% silver nitrate for 75 min, developed in a
solution of formaldehyde and citric acid, stopped
in an acetic solution, and finally immersed in a
20% ethanol solution overnight. The wet gel was
enclosed in a polyethylene zip-lock bag for storage
and was analyzed within 3 days.

A charge-coupled-device (CCD) camera (14 bits,
Photometrics LTD, Tucson, AZ) interfaced with a
Macintosh Il computer was used to obtain trans-
mission digitized images. The optical densily was
calibrated using specific protein standards. To
quantify a particular protein chain, the location

and size of the spot were first specified, and then
the area was measured, the local background
subtracted, and the integrated optical density
(TOD) computed.

2.5. Important facts

The following two important facts must be kept
in mind before analyzing the results.

(1) The definition of surface concentration or
adsorbed amount (I”) measured in this experiment
(depletion) is not equivalent to those involving a
thorough rinse with buffer before taking measure-
ments. In the latter case, the sample surface only
contains proteins thalt cannot be washed off.
However, the adsorption assessed by the depletion
method includes superficially bound proteins,
which can be cluted by buffer rinse. In other words,
the I measured in this case should be higher.

(2) 2D PAGE is a semi-quantitative technique.
Many factors contribute to deviations in compar-
ing the TOD of a spot at the same position among
different gels, such as loading errors, variations
among individual gels (size, thickness, pH gradient,
and cross-linking density), protein losses in solu-
tion treatments after electrophoresis, contamina-
tion at each stage of operation, time variation in
development, and uncertainties in the digitization
with the CCD camera. To minimize these adverse
effects, a protein standard, soybean trypsin inhibi-
tor (STI), was incorporated into every loading
sample before running IEF. All other 10Ds of
protein chains were normalized by the IOD of the
external standard STI. However, owing to different
staining efficiencies for different protein chains and
heterogeneity within a gel (e.g. different thicknesses
in different regions), this external calibration did
not solve all the problems. Thus, even for the same
batch (i.e. the same sample loaded on different gels
that were cast, run, fixed stained and stored at the
same time), 20-30% deviations in IODs were
common among different gels for bigger and darker
spots, reaching as much as 50% or even higher
than 100% for smaller and lighter spots. Hence,
the value to be given is the median IOD from
three gels for each sample; no standard deviation
was calculated.
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3. Results
3.1. Quantitation of proteins

Fig. 1 displays two typical 2D PAGE gel images.
Fig. 1(A) is the map of a non-depleted plasma
(control) sample, in which many protein chains
have been identified according to the patterns of
known proteins as well as standard plasma protein
maps [12,14,20]. Fig. 1(B) is the map of a depleted
sample, in which the corresponding spots become
lighter or have disappeared compared to those in
Fig. 1(A). One cannot compare absolute quantities
ol different proteins in terms of their IODs, as
silver has dilferent staining efficiencies for different
proteins. Nevertheless, it is justifiable to compare
amounts ol the same proteins before and after they
are depleted. The percentage of the depleted
amount (DA) of a particular protein chain can be
calculated by Eq. (1):

10D of the chain after depletion
DA% =(1— - s =
. 1OD of the chain before depletion

x 100 (1)

The abundance of a detectable protein was esti-
mated by its “normalized amount” (NA), defined
by the ratio of the IOD of the protein to that of
albumin. Notice that the NA of a protein is not
usually equal to the ratio of its concentration to
that of albumin, because different proteins have
different efficiencies of silver staining and not all
protein chains can be detected by 2D PAGE.

3.2. Percentile depletion of plasma proteins

The values for protein depletion (adsorption) in
Tables 1 and 2 are based on the percentiles, i.c.
DA in Eq. (1). The total depletion (next to last
rows) of all detectable proteins was calculated by
Eq. (2):

Y DA, 'NA,

Total depletion % = W

x 100 (2)
where the depleted amount of protein i (DA;) is
weighted by its normalized amount, NA,. The last
row is the depletion of all detectable proteins

L}

excluding albumin. Again, these are rough esti-
mates as the DA values are not very accurate, and
not all the plasma proteins are detectable.

A thorough survey of Tables 1 and 2 produces
some general observations (note that in the discus-
sion below, depletion or adsorption are on a
percentile basis).

(1) Depletion 1s not identical for all plasma
proteins on both adsorbents. In other words,
adsorption 1s competitive on these surfaces; some
proteins disappear from the solution very quickly
and completely, while some mostly remain in solu-
tion, e.g. fibrinogen vs. albumin.

(2) With some exceptions, on both surfaces the
proteins with high abundances of plasma are
depleted slowly and slightly, such as albumin,
immunoglobulin, ¢, antitrypsin, transferrin, and
haptoglobin, but proteins of low concentration in
plasma tend to adsorb rapidly and completely,
such as apo CIII', C4, and G4 glycoprotein
(Fig. 2).

(3) The exceptions on LTIC adsorbents are apo
A 11, prealbumin, and o, acid glycoprotein, whose
concentrations are not very low but whose
depletion is among the lowest. The opposites are
fibrinogen, «, HS glycoprotein, «, macroglobulin,
hemopexin, and plasminogen, whose concentra-
tions range from medium to high, yet whose deple-
tion is high.

(4) The exceptions on silica for both calegories
are (A) hemopexin, « B glycoprotein, prealbumin,
and ¢; acid glycoprotein, and (B) fibrinogen, apo
A1, apo A II, and &, macroglobulin.

(5) No perceptible protein exchange occurs on
LTIC, ie. statistically, there are only forward trans-
itions from lower depletion to higher depletion but
no backward ones (Fig.3). A similar situation
showing lack of displacement was observed with
the silica surface [17].

(6) The next to last rows in Tables 1 and 2
indicate that the total depleted amount is not
proportional to the adsorbate amount. As shown
in Fig. 4, the higher the concentration of adsorbent,
the less adsorption per unit mass.

(7) Albumin has a relatively low depletion per-
centage as indicated by comparison of its DA to
the total depletion, or even more clearly to the
total depletion excluding albumin itsell. The last
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Fig. 1. Plasma proteing on 2D PAGE gels from a non-depleled (control) sample (A) and a depleted sample (B). Some identified
proteins and protein chains are as follows: (1) x, macroglobulin; (2) transferrin; (3) plasminogen; (4) »; B glycoprotein: (35)
hemopexin; (6) albumin; (7) z;, antitrypsin; (8) », antichymotrypsin; (9) «; HS glycoprotein; (10) lg 4 chains; (11) Ge globulin; (12)
fibrinogen v chain; (13) fibrinogen f chain; (14) lg  chains; (15) haptoglobin fi chain; (16) G4 glycoprotein: (17) o; acid glycoprotein;
(18) C4 7 chain; (19) apolipoprotein A TV; (20) 1g 4 chains; (21) Ig x chains; (22) apolipoprotein A I; (23) soybean trypsin inhibitor;
(24) haptoglobin x, chain; (25) prealbumin; (26) haptoglobin o, chain; (27) apolipoprotein C I11; (28) apolipoprotein A II; (29)

hemoglobin: (30) apolipoprotein L.
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Table 1

Depletion (adsorption) of plasma proteins on LTIC powders" (%)

L. Feng, J.D. Andrade/Colloids Surfuces B: Biomterfuces 4 (1995) 313-325

Plasma Normalized Amount of LTIC in mg (total surface area in m2)?
protein® amount® :

25 (0.45) 50 (0.90) 100 (1.8)

5 min lh 12 h 5 min 1h 12 h 3 min 1h 12°h
Albumin 100 13 17 15 8 13 23 36 33 30
o2y acid glycoprotein 6 10 44 53 5 18 47 26 51 71
oy antichymotrypsin 8 37 45 19 75 86 98 100 100 100
Antithrombin TT1 9 28 11 29 58 54 78 81 91 100
¥, antitrypsin 34 15 30 40 29 28 50 63 64 68
Apolypoprotein A I 21 9 27 29 27 27 42 38 48 76
Apolypoprotein A 11 4 40 47 50 29 59 68 62 83 82
Apolypoprotein A TV 2 25 57 43 58 93 100 100 100 100
Apolypoprotein C III-1 1 65 100 100 100 100 100 100 100 100
Apolypoprotein C 11I-2 1 59 100 100 100 100 100 100 100 100
Apolypoprotein E 3 58 73 100 100 100 100 100 100 100
C4 | 33 71 81 90 86 100 100 100 100
Fibrinogen 12 96 98 99 100 100 100 99 100 100
Ge globulin 3 34 61 56 74 83 100 100 100 100
o B glycoprotein 3 32 41 43 54 67 83 16 81 92
G4 glycoprotein 3 57 — 64 100 100 100 100 100 100
2, HS glycoprotein 8 90 100 100 100 100 100 100 100 100
Haptoglobin 64 15 40 36 29 24 55 43 55 70
Hemoglobin 1 21 30 30 22 64 83 59 69 96
Hemopexin 22 29 53 59 100 100 100 100 100 100
Immunoglobin 44 54 14 46 63 58 66 76 95 97
o, macroglobulin 4 80 90 97 98 95 100 100 100
Plasminogen 6 67 45 83 81 79 97 100 100 100
Prealbumin 8 17 25 40 41 36 61 61 a7 91
Translerrin 37 25 13 27 31 30 37 41 63 71
Total depletion 28 35 38 40 41 55 38 65 75
Total DA excluding albumin a2 41 48 51 50 65 65 75 85

* Volume for all solutions, 1.7 ml.

® Estimated amounts of total plasma protein: 4.5 mg, assuming & mg plasma proteins per ml of plasma. Concentration, 2.6 mg m™ 1.
¢ Normalized 10D for each protein divided by the IOD of albumin for the control samples.

¢ Assuming 18 m? g~ ! accessible surface area.

columns (the highest solid surface area and longest
adsorption time) can be taken as an example. The
comparison of the DA of albumin with the last
two rows gives 50% vs. 75% and 85% in the
presence of LTIC, and 42% vs. 66% and 74% in
the presence of silica.

(8) Fibrinogen has a very high depletion percen-
tage. both kinetically and thermodynamically, on
both LTIC and silica. In only 5 min its depletion
reached 96% on LTIC and 85% on silica, even
when the lowest amount of adsorbent was used.

(9) The depletion patterns of proteins on LTIC

[}

and silica are strikingly similar. With only a few
differences ((3) and (4) (in Fig. 1), about 21 out of
25 plasma proteins follow similar depletion pattern
on both surfaces.

4. Discussion

4.1. Effective surface area for protein adsorption

We can estimate the protein surface concen-
tration on both surfaces [rom the total depletion
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Table 2

Depletion (adsorption) of plasma proteins on silica powders alter 12 h incubation® (%)

Plasma Relative Amount of silica in g (total surface arca in m?)°
protein® amount®
0.10 (0.15) 0.33 (5.0) 1.00 (1.5) 2.00 (3.0)

Albumin 100 [ 2 44

2, acid glycoprotein 6 8 31 15

2; antichymotrypsin 8 6 46 77 89
Antithrombin 111 9 0 31 77 100
oy antitrypsin 34 0 6 26 70
Apolypoprotein A I 21 26 91 91 90
Apolypoprotein A 11 4 3 98 99 100
Apolypoprotein A TV 2 15 100 100 100
Apolypoprotein C I11-1 1 58 100 100 - 100
Apolypoprotein C III-2 1 100 100 100 100
Apolypoprotein E 3 &5 98 90 100
Cc4 1 51 100 100 100
Fibrinogen 12 87 90 90 84
Ge globulin 5 0 34 63 87
o B glycoprotein 3 16 31 65 67
G4 glycoprotein 3 23 100 100 100
o, HS glycoprotein b 2 92 95 97
Haptoglobin 64 0 29 68 76
Hemopexin 22 12 18 60 71
Immunoglobin 44 9 30 63 64
o, macroglobulin 4 100 100 100 100
Plasminogen 6 13 23 70 100
Prealbumin 8 0 11 42 35
Translerrin 37 17 25 33 53
Totul depletion 12 34 59 66
Total DA excluding albumin 14 38 64 74

* Volume for all solutions, 1.7 mlL

® [stimated amounts of lotal plasma protein: 4.5 mg, assuming 8 mg plasma proteins per ml of plasma. Concentration, 2.6 mgml™?,
¢ Normalized 10D for each protemn divided by the IOD of albumin for the control samples.

¢ Assuming 1.5 m? g ! surface area.

of identified proteins, the surface area and the
amount of adsorbent (Tables 1 and 2). Fig. 4 shows
that the larger amount of adsorbent adsorbs fewer
proteins per unit mass. A similar result is reported
in Ref. [17], where the amount of denatured pro-
teins was not proportional to the amount of LTIC
powder. Such a relationship could be the results
ol two processes:

(1) smaller amounts of adsorbent adsorb less
protein so that the solution concentration is higher,
producing a higher surface concentration;

(2) more adsorbent .causes more aggregation of
adsorbent particles so that the surface area per
unit mass becomes smaller.

The former can be expected from the adsorption

isotherms and from possible multilayer adsorption
[17]. The latter may be due to a slightly smaller
ratio of the volume of protein solution to the
volume of adsorbent. To allow for this effect, we
extrapolated I to zero adsorbent mass, which is
shown in Fig.4 as bold curves. We thereby
estimated that the surface concentrations of the
identified proteins are 6.0 mg m~? on LTIC and

—

4.0 mg m™~ on silica.
4.2. Similar depletion on both adsorbents
Similar percentage depletion of plasma proteins

by LTIC and silica adsorbents is not expected. We
anticipated that the two surfaces should have
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Fig. 2. Inverse relationship between abundance of proteins in plasma and their depleted amounts,

100
—0T—  albumin
80 | f ———  acid glyco
5 —— apo All
B\. 60 4 —&— prealbumin
g 40 —®— fibrinogen
—%— HSglyco
20 | —+—  hemopexin
4 —&— macroglobulin
T T

1 10

100

Incubation time, min

1000

Fig. 3. Depletion kinetics [rom 2D PAGE experiments with 1.7 ml (1/30) diluted plasma and LTIC powder (25 mg).

different protein compositions, especially when
smaller amounts ol adsorbent are used. where
adsorption is more competitive. There are several
possible mechanisms causing such results:

(1) the two substrates adsorb similar proteins;

(2) the present technique cannot discriminate
between different absorbents;

(3) the surface is not completely covered by
protein so that there is little competition in
adsorption;

(4) there is a multilayer adsorption, making the
depletion apparently similar on the two surfaces
(1728

We believe the last process to be the most
reasonable. The total amount of protein in the
dilute plasma is relatively high: 2.6 mg ml~ " before

any depletion and about 0.7mgml ' after the
highest depletion. As no rinse was used, loosely
bound proteins are considered to be adsorbed.

4.3. Adsorptivity and abundance

All proteins are surface active, but their adsorp-
tivity 1s dilferent. These experiments show that for
most proteins there exists a rough inverse relation-
ship between adsorptivity and abundance, despite
the suggestion that there is little connection
between protein abundance and adsorption ten-
dency [227. The propensitics of plasma proteins
for depletion may well depend on their biological
functions. The phenomenon that abundant plasma
proteins have a lower tendency to be depleted than
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Fig. 4. Normalized surface concentration of plasma proteins by solid surface area on LTIC and silica as a [unction of amounts of
the substrates. Volume of the 1/30 diluted plasma: 1.7 ml. Assuming a plasma protein concentration of 80 mg ml~', and surface area

of 18m* ¢ ' for LTIC and 1.5 m? g=* Jor silica.

less common ones has already been observed
[22.23], ie. abundant proteins with low binding
affinity adsorb first, but are gradually displaced by
trace proteins that are more surface active but
arrive at the interface more slowly.

4.4. Differently depleted proteins

It is interesting to examine the proteins that do
not (it the relationship between adsorptivity and
abundance. These are divided into three groups in
Table 3. The first group 1s defined as containing

the most depleted proteins and the sccond as
containing the least depleted ones, on LTIC, on
silica or on both. The last group is made up of
proteins showing opposite depletion propensities
towards the LTIC and silica adsorbents. Only
proteins whose concentrations in plasma are
neither too high (under 3 mgml™"') for the least
depleted nor too low (above 0.3 mgml ™ !) for the
most depleted are listed. For example, fibrinogen,
despite its relatively high abundance, is very
susceptible to depletion. In less than 5min it
has virtually all disappeared from the solution.

Table 3

The most ( +) and least ( —) depleted plasma proteins on LTIC and silica powders from PBS diluted plasma

Plasma protein Normalized On LTIC On silica Adsorptivity
amount

Fibrinogen 12 + - Most

2, HS glycoprotem 8 + + depleted

o, macroglobulin 4 + +

Plasminogen 6 3

o, acid glycoprotein 6 — — Least

Prealbumin 8§ — — depleted

Hemoglobin 1 =

Hemopexin 22 + — Opposite

Apo AT 21 — + depletion

Apo A 1T — A
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However, o; acid glycoprotein is hard to deplete
even though it belongs to the low-concentration
class.

4.5. Role of solubility of protein

On comparing the solubility of the most and
least depleted proteins in Table 4, one immediately
spots some connections. Column 2 of Table 4 indi-
cates the influence of e¢thanol on the solubility of
the proteins [24.257]. The general trend is that the
least depleted group can tolerate more ethanol
without precipitation than the most depleted
group. Column 3 shows the effects of an inorganic
salt, ammonium sulfate. Again, a higher tolerance
means higher stability of the protein to this sub-
stance [24,25]. The most depleted proteins appa-
rently precipitate at lower molar concentrations.
Less soluble proteins are more surface active in
terms of adsorption behavior [26], although the
reverse relation may not hold (hemoglobin is
extremely soluble and also extremely surface active
[26]). This correlation should probably be
considered together with the type of solid sub-
strate. Multilayer adsorption should also reflect
the nature of the substrate. Otherwise, there would
be very few proteins with low solubility in plasma.

4.6. Some individual plasma proteins

(A) Albumin

Albumin is one of the least adsorbed plasma
proteins in terms of the depletion percentage. It
binds only weakly to silica [27] and to some
polymer surfaces [28]. It has been ranked as the
protein with the lowest affinity to silica, in compari-
son to fibrinogen (the highest), lysozyme, IgG,
ribonuclease, ete. [29]. Tts low surface activity has
been recognized [30] and is more noticeable in
competitive adsorption processes [ 22.31], which is
understandable. Tn blood, the biological functions
of albumin (transport and colloid osmotic pressure)
demand that it has a high concentration and thus
high solubility. Hence, it should not be expected
to have a high surface activity.

(B) Fibrinogen

Fibrinogen is a typical “most depleted” protein.
Tables 1 and 2 show thal it is almost completely
depleted in the presence of small amounts of adsor-
bent at very short times. Near total depletion of
fibrinogen has also been observed on polyurethane
particles and on glass beads [32]. According to
the irreversibility ol its adsorption on to LTIC
[27]. fibrinogen cannot displace previously
adsorbed albumin or other adsorbed plasma pro-
teins from the surface. The same experiment also
indicates that the surface concentration of albumin
from dilute plasma on LTIC is about 50% of that
from pure albumin at a similar albumin solution
concentration. Hence, the albumin deposited
from dilute plasma is not likely to be displaced.
Fibrinogen is not preferentially adsorbed onto
LTIC, compared with albumin, from their binary
solutions. Therefore, owing to its small share in
the total protein mass, only a small number of
fibrinogen molecules can even touch the LTIC
surface before the surface is rapidly covered by
proteins.

These facts suggest that fibrinogen molecules
may reside on the surface of adsorbed proteins, i.c.,
multilayer adsorption. This property of fibrinogen
can be attributed to its low solubility, and its
propensity to precipitate. Its low solubility can be
demonstrated by the fact that fibrinogen has the
lowest tolerance towards ecither ethanol or
ammonium sulfate among the proteins in Table 4.

Table 4
Solution stability of the plasma proteins with the most or least
adsorptivities towards LTIC?

Plasma Ethanol [(NH4).504]
protein (%) (M)
Fibrinogen 8 (7.2)° 0.6 (7.0)°

%, HS glycoprotein 20 (5.8) 1.0-1.4 (7.0)
Hemopexin 18 (5.2) 24-32(50)
oy macroglobulin 25 (5.7) 1.2-18 (7.0)
o, acid glycoprotein 70 (6.2) 2.4-4.0 (5.0)
Albumin 40 (5.2) 2.6 8.0 (7.0)
Prealbumin 18 (5.2) 2.6 (5.0)
Haptoglobin 40 (5.8) 1.9-22 (7.0)

* Adapted from Ref. [25].
® pH values are in parentheses.
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Doolittle [33] considered fibrinogen as one of the
least soluble proteins in plasma, in contrast to o,
acid glycoprotein that has an unusually high solu-
bility [34]. We propose that this low solubility
renders the fibrinogen surface active.

(C ) Hemoglobin

Hemoglobin is a protein with a very high surface
activity, higher than that of fibrinogen [26],
but shows small depletion on LTIC. Blood car-
ries little free hemoglobin (concentration about
0.003 mg ml~* [22]). The hemoglobin detected is
probably bound to haptoglobin [35]. The appear-
ance and depletion of hemoglobin is actually due
to hemoglobin from the haptoglobin complex
rather than [ree hemoglobin. The low depletion
thus represents the low surface activity of the
complex.

(D) Apolipoproteins

Table 3 includes two apolipoproteins (apo A I
and apo A TI) that behave diflerently towards the
two adsorbents. As Table 2 shows, silica completely
adsorbs all the detectable apolipoproteins, indicat-
ing a high aflinity of apolipoproteins towards silica.
However, it is a little misleading to examine only
the apolipoproteins; since the apolipoproteins in
plasma contain lipids, their adsorption properties
should be determined by the entire protein-lipid
complex. As apo A I and apo A II are mostly
contained in high-density lipoproteins (HDLs)
[36], it is reasonable to suggest that it is the HDL
that adsorbs differently onto the two substrates.
HDL adsorbs onto the silica powders according
to the DA data. and its high surface activity has
been recognized [4]. It also adsorbs onto polyvinyl
chloride and polystyrene. Preadsorption of HDL
can inhibit adsorption of the three major proteins:
albumin, fibrinogen, and TgG [4]. However, its
surface activity docs not stand out on the LTIC
substrate, which further reflects the equal adsorp-
tive tendency of the surface towards different
proteins.

(E ) Hemopexin

Hemopexin is an interesting protein. It is the
only other major protein that has different deple-
tion properties on LTIC and on silica, together

(5]
(5]
Lad

with the apolipoproteins. Independent work by
Tingey [32] provides further evidence that hemo-
pexin also exhibits unique adsorption behavior
towards polyurethanes and glass. Table 4 reveals
its apparent different stability towards the two
precipitants. ethanol and ammonium sulfate. Tt
exhibits low stability to the organic compound but
high stability to the salt. Are these two kinds of
chemicals in any way analogous to carbon and
silica? From its different tolerances towards ethanol
and ammonium sulfate, hemopexin seems to have
a strong interaction with the latter. However, the
complication that precipitation is sometimes
accompanied by protein denaturation prevent us
from carrying out further analysis at this time [37].

4.7. Is Fibrinogen Displaced?

It has been established that fibrinogen can be
displaced [38] or its adsorption can be suppressed
[397 by other plasma proteins [27]. Transient
adsorption of fibrinogen onto hydrophilic surfaces
is a definition of one of the Vroman effects. In the
present work, however, neither displacement of
fibrinogen nor suppression of its adsorption is
observed on either carbon (Fig. 3) or silica (data
not shown, but the DA of fibrinogen is almost the
same for 5min depletion and 12 h depletion). A
large decrease in fibrinogen adsorption onto silica
plates has been observed by the radiolabeling
method with the same plasma sample [27], imply-
ing that the fibrinogen-displacing proteins (high-
molecular weight kininogen and factor XII) were
present and surface active. We need more experi-
mental data to explain such a lack of displacement.

5. Conclusions

LTIC and silica substrates deplete plasma pro-
teins similarly. However, the DA does not necessar-
ily represent the affinity of a protein towards a
solid surface in competitive adsorption, owing to
the complexity of the process. In a depletion experi-
ment, the measured competitive adsorptivity of a
protein is determined more by its solubility than
by the type of solid surface involved. Generally,
proteins at low concentrations in plasma are more
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easily adsorbed while proteins of high abundance
tend to slay in solution. A related conclusion is
that proteins that have low solubility or are readily
precipitated are depleted more completely than
those with higher solubility. Fibrinogen represents
the first category; its depletion on both substrates
Is very significant owing to its low solubility and
high surface activity. Albumin exemplifies the
second group; it is the least adsorbed in terms of
the depletion percentage, showing a relatively low
surface activity. Although proteins are all surface
active, their surface activities can be very different
and are manifested mostly in competitive adsorp-
tion experiments.

Three proteins, hemopexin, apolipoprotein A T,
and apolipoprotein A II, are depleted differently in
the presence of LTIC and silica adsorbents, Tt
would be informative to correlate protein molecu-
lar structure to their solution and adsorption prop-
erties [26]. This requires a close examination of
protein structures, such as amino acid sequences,
secondary and tertiary structures, domain struc-
ture, charge distribution, etc. Computer graphics
can be very helpful [40] in this regard.
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Corrigendum

Corrigendum to “Protein adsorption on to low-temperature
1sotropic carbon
4. Competitive adsorption on carbon and silica by
two-dimensional electrophoresis”
[Colloids and Surfaces B: Biointerfaces 4 (1995) 313—3257"

L. Feng, J.D. Andrade*

Department of Bivengineering and Department of Materials Seience and Engineering, 2480 MEB, University of Utah,
Sali Lake City, UT84112, USA

The authors would like to make it clear that the development of the quantitative 2-dimensional gel
electrophoresis technique for the study of protein adsorption via a solute depletion approach was first
carried out. and the methodology developed, by C.-H. Ho, V. Hlady, G. Nyquist, I.D. Andrade and
K.D. Caldwell, J, Biomed. Mater. Res., 28 (1991) 423, and discussed and described in detail in C.-H. Ho,
ML.S. Thesis, University of Utah, 1990. The work has been further described, presented, and expanded in
the paper by Hlady et al., Clin. Mater., 13 (1993) 85-93, and has since been described in other publications
and presentations.

The way the references were presented and cited in our paper may have misled the reader into thinking
that this methodology and technique was first developed and applied by Feng and Andrade. That is indeed
not the case. We hope this note clarifies the situation.
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Abstract—Based on our research on hlood protein interactions with low temperature isotropic carbon (LTIC)
and data from the literature, we propose that the carbon surface has strong interactions with adsorbed proteins,
In this paper we focus on how a relatively blood-compatible material interacts with plasma proteins. We presant
our resulis on the structure and propertics of the LTIC swrface utilizing SEM, STM, XPS, and contact angle
measurernents, We hricfly review protein adsorption on LTIC using DSC, impedance, radivisotopes, and two-
dimensional gel electrophoresis. LTIC 18 characterized by a microporous, oxidized, hydrophobic, and domain
mosaic structure. Surface polishing smoothens the roughness and removes the porosity, while largely destroying
the ordered atomic texturs, making the surface more randem and more amorphous. The LTIC surface denatures
all adsorbed proteins studied, The rate of protein adsorption is high and the surface concentration is large. The
LTIC surface adsorbs all proteins without preference. The surface also tenaciously retains proteins such that they
cannot be displaced by buffer or exchanged by proteins in solution. We conchude that LTIC accomplishes its
blood compatibility through a passivating film of strongly adsorbed bland proteins, which do not interact with
platclets nor participate in blood coagulation. We also suggest mechanisms for the production of such 2 film by
the LTIC surface.

Key wards: Blood compatibility; biomaterial; low temperature isotropic carbon; surface structure; protein
adsorption,

INTRODUCTION
Significance

Blood compatibility or hemocompatibility is an essential requirement of prosthetic blood-
contacting materials [1-3]. It has long been a challenge to prevent the surface of implants
from forming thrombus, emboli, or other surface implicated adverse effects [2-6]. So far
no man-made biomaterial is even close to endothelium in its blood compatibility [7]. It is
generally agreed that the blood compatibility of a material is mainly determined by its
surface properties [8], including chemical composition, morphology. microstructural
heterogeneity, crystallinity, hydrophebicity, hydrophilicity, surface energy, molecular
mobility, charge density, electric conductivity, and redox potential. Although many pieces
of the ‘jigsaw puzzle’ have been identified, thanks to the work from past decades [9], we
still lack a fundamental mechanism to put these picces together to achieve a more complete
understanding of blood compatibility. Therefore, we designed a series of experiments to
study the surface of low temperature isotropic carbon (LTIC) and its adsorption properties
towards two plasma proteins, albumin and fibrinogen, and several model proteins [10].
Some of the work has been published or is in press [11-15]. This paper briefly summarizes

*To whatm correspondence should be addressed,
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that extensive set of studics and integrates all the experiments, thus displaying a broad view
on how and why LTIC behaves.

Rationale

There were several reasons for choosing LTIC: (1) It is one of the best long term blood-
compatible implantable materials in comparison to other prosthetic biomaterials [16-19].
LTIC and 1ts cousins, ultra-low temperature isotropic carbon (ULTIC) and glassy carbon
(GC), have been widely applied in medical devices, including artificial heart valves [1, 16,
20], dental implants [16, 17], orthopedic implants [16, 18], and vascular grafts [21-23]. (2)
LTIC represents a large family of carbons that generally show some degrees of bio-
compatibility, including diamond-like carbon [24, 25], pyrolytic graphite [26] carbon—
carbon composites [27, 28] carbon fibers [29, 30], and even diamond [26], in addition to
LTIC, ULTIC, and GC. So they must have something in common that grants them
“biocompatibility’. (3) LTIC is an interesting material because it possesses some properties
that are not generally considered relevant to a *good’ blood compatible material [6, 31].
Table 1 summarizes how LTIC disobeys some empirical ‘general rules’. Strictly speaking,
these rules are controversial and certainly cannot be applicable to every case. That is why
we think that studying this material may result in more insight into the nature of blood
compatibility.

It has been generally agreed that the first major event when an implant contacts blood
is adsorption of plasma protein [39—44]. The adsorbed protein layer then determines the
routes of subsequent processes (Fig. 1) [3]. Blood contacting surfaces indirectly exert their
effects through proteinaceous overlayers [38, 45]. How plasma proteins adsorb on a
surface is a central 1ssue in addressing the prablem of thrombosis [31]. Table 2 documents
major studies concerned with protein adsorption on carbon surfaces.

Working hvpotheses

Carbon surfaces are thought to be conditioned by adsorbed proteins. The debate is focused
on how the proteinaceous film passivates the surface. We consolidate the related hypoth-
E8€§ Into TWo major ones.

The weak interaction hypothesis, suggested by Gott [19], Baier [47], and Nyilas
[52, 53], states that the carbon surfee is chemically inert and thus does not strongly interact
with proteins. Microdomains of carbon may also provide a *balanced’ force to accom-
modate proteins [51. 59, 60]. The adserbed proteins preserve their native conformations at
the blood-solid interface and the adsorption process should be reversible: adsorbed
proteins are exchangeable [61, 62].

Table 1.
LTIC does not At the: conventiomal ‘wisdom”™ for blood compatable materials,

A blood compatible material

is expected Lo be; LTIC is:

Hydrophilic [31-33] Hydrophobic

Soft (law modulus) [31, 32, 34] Hard (high modulus)

Low surface energy [32, 33, 36] Relatively high surface cnergy
Nonconduetive [37, 38] Elzetrical eonductive

Negative resting potential vs NHE [37, 38] Positive resting potentinl vs NHE
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A good blood compatible material should have

No adverse
effects on blood

Favorable interactions
with plasma proteins

Adsorbed protein

Suitable surface
propertis B Gomatoial |

Good bulk
properties

B

Figure 1. Mediating function of adsorbed plasmo protems and the important role of protein adsorption 1 blood
comparibility of a biomaterial.

The strong interaction hypothesis, proposed by Sevastianov [43]. Kaelble [51], Sharma
[58], and others [ 16, 63], suggests that the LTIC surface is coated with a thick film of bland
plasma proteins. The proteins are held so tenaciously that they cannot be easily removed.
The surface becomes blood compatible through medification by this *hiand’ proteinaccous
film, most likely albumin [64]. According to this hypothesis, the conformation of the inner
laver of adsorbed proteins should be changed to achieve a strong protein-surface inter-
action. This adsorption process should he irreversible; proteins are not exchangeable.

Technigques

LTIC was first evaluated by four surface analytical instruments: scanning electron
microscopy (SEM) for surface morphology, X-ray photoelectron spectroscopy (XPS) for
surface compositions, contact angle goniometry for surface hydrophobicity. and scanming
tunncling microscopy (STM) for microdomains and atomic structure. Four major experi-
mental methods, along with others, were then employed to suudy the adsorption process
and the siate of adsorbed proteins [rom different aspects. Figure 2 depicts the character-
istics and functions of the four techniques: calonimetry, impedance, radioisotopes, and
electrophoresis.

Proteins

Two proteins were selected for the study: human serum albumin and human plasma
fibrinogen. Albumin is the preponderant protein in blood. 1ts abundance outweighing all
the rest of plasma proteins [69]. Adsorption of this protein has a profound influence on the
succeeding events [4(), 63, 70-74]. Fibrinogen plays a central role in hemostasis [65, 71].
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Not only does it participate in the coagulation cascade [65], but it also promotes adhesion
of platelets and activates thern when adsorbed onto certain solid surfaces [75-77]. The
adsorption of some small proteins was also studied to take the advantage of their simple
and well known structures. Total human plasma was used when studying competitive
protein adsorption from multicomponent solutions or when eluting adsorbed proteins with
plasma solutions.

LTTC substrate

Three forms of LTIC substrates were utilized: plates, fragments and powders, with nearly
1dentical bulk structures and compositions, LTIC has a quasi crystalline turbostratic struc-
ture [16, 17]. The crystalline structure is disorganized. Within a layer there are many
defects: voids, dislocated atoms, and unsaturated bonds, which distort the planeness. There
1s no order between the layers [78, 79]. Table 3 summarizes some important surface
properties of LTIC from the literature. Briefly, LTIC is hydrophobic; it has a relatively
high surface energy; its dispersion to polar ratio is large; it contains a large amount of
surface oxygen after being polished; and it has great tendency to accept electrons in
electrolyte solutions. Carbons are chemically stable.

Table 2.
Major protein adsorption worek on biomedical carbons

Author Experiment Main conclusions Rcferences
Baier, R. E. Critical surface tension of LTIC It drops from 50 to 30 dynem [47]
afier blood expusure
Bokras, 1. C. Rest potential of LTIC befois and It drops from +400 mV to [17]
after implantation —360 mV. It 3uggests protein
conditioning
Bruck, 5. D, Effects of electric conductivity Higher conductivity shows betoer [48]
compatibility
Caprani, & AC impedance Tons participate in adserption [49, 50]
PIOCECESES
Halbert, 5. P. Plasma protein activity They are not affected by LTIC [16]
Eaglkle, . H Effects of surface energy High dispersion znd low polar [31]
nature of LTIC favers retaining
proteins
Nyilas; E Microcalorimetry and Little adsorption heat of proteins on [32, 53]
electrophoresis LTIC means little conformational
change
Riceitely, 5. P SEM LTIC tenaciously binds proteins [54]
Ruckenstemn, E. Balance of polar and dispersion Surface structure of LTIC may be [55]
surfee free energy aftered under water due to
interfacial reconstruction
Schaldach, M. Effects of elecironie surface Marching of electtonic parameters [56,57]
before and after implantation of LTTC surfaces to that of proteins
results in good compatibilicy
Sharma, C. P. Surface encrgy calculation LTIC adsorbs mest plasma proteins [38]
nonselectivity
Williams, D. F. Ellipsometry on LTIC Adsorbed proteins form 200-400 A [18]

films
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EXPERIMENTAL OBSERVATIONS

We carried out two sets of experiments: LTIC surface analysis and protein adsorption [10].
In this section, we discuss our data from XPS and goniometry. The results from SEM and
STM and the corresponding discussion can be found elsewhere [10, 11]. We brefly
mention the major conclusions of the second set, as the adsorption results have been
published [14] or are in press [12, 13,15]. Refer to [10-15] for details of experiments,
results, and discussion.

Surface properties

LTIC 18 characterized by a micro porous, oxidized, hydrophobic, and domain mosaic
structure. Scanning electron microscopy (SEM) shows that LTIC has a very porous
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Figure 2. Characlenstics and functions of four major techmques applied to protein adsorplion.
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Table 3,
Surface properties of LTIC

Property Value Treatment Refs.
Contact angles against water 8 deg Diamond polishing  [47]
Critical surface tension S0dyn cm ! Digmond polishing  [47)
50 dyn om”! ULTIC [18]
Hydrophobicity Hydrophobic Powders [7T8]
Charge density —1.ImCem™  Powders [78]
Oxygen content (O/C) 2-3/100 Unpolished plates (81, 82]
L0100 Polished plates [81, BZ]
L0100 Powders [80]
Chygen containing groups Polished [81,82]
ether-like 6%
quinone-like 250
ester- or carboxyl-like 15%
Rest (spontancous) potenttal  +400 mV Polished [3,16]

surface, consisting of many ‘sintered’ granules. Their sizes are from | to 10 4m with many
hollows among them [10]. STM further unveils details of LTIC surfaces [11], which are
formed from patched quasi crystalline domains (crystallites) with the sizes of 2—8 nm.
Since individual domains are oriented randomly, different domains contribute different
surface properties, giving LTIC heterogeneous characteristics. Upon polishing, the surface
1§ converted to a much smoother one and the pores have disappeared, presumably filled
by the polished carbon debris. Polishing largely destroys the ordered atomic texture,
preducing a more random, ameorphous and homogeneous surface with smaller domain
sizes.

Table 4 lists the clemental composition of LTIC surfaces from the wide and narrow
scans of XPS. The oxygen contents for the polished and the powder samples are similar
to the values measured by others [78, 82.83]. The oxygen content for the as deposited
LTIC plates 1s about 12%, which 1s much higher than the 3% reported in the hiterature [82].
The powders have a shghtly higher oxygen content than the fragments from which they
were made, probably because they have more edges or defects. Instrumental sensitivity 1s
inadequate to detect the trace amounts of possibly remaining polishing particles. i.e. Al;O5.
These impurities, 1f they are present, should not severely affect our general conclusions
because most of the adsorption studies were carried out with unpolished fragments or

Table 4.
Elemental eompositions of LTIC surfaces

Chemical composition (%) Q/C ratio”
Sample L L8] 51 N %a
As deposited plates Bp.6 9.6 23 15 [2
0.5 mm alumina polished 803 g2 1.3 0.0 I
Emery paper polished BR.8 9.1 2] 0.0 12
Fragments 86.1 10.2 5.7 (1] I3
Powders Bb.2 10.5 id (.40 15

"From the wide scans
#
"From the narrow scans

RGN
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Table 5.
Contact angles of water on LTIC

Polishing Contact angle  Standard deviation — Number of
SHUspEnsion (deg) (deg) measurements
0.3 gm alumina 58.6 1.4 7

1.0 gm diamond T0:3 1.5 10

600 grit emery paper 61.7 1:5 3

powders except for the impedance measurements (Fig. 2), whose results are consistent
with those from the radicisotope [13] studies.

Contact angles on polished LTIC range from 60 (polished by aluimina or Emery paper)
to 70 deg (polished by diamond) (Table 5), showing a hydrophobic nature. These contact
angles are close to the ones in the hiterature, though a hitle lower. Contamination is not
considered to be a factor for the lower values, because in the Emery paper polishing, what
finally ground the carbon surface was the pyrolytin carbon debris on top of the grinding
particles.

Denaturation of adsorbed proteins [12]

Surface induced denaturation is a process of protein unfolding in the presence of the
surface, implying a strong interaction between them. Usually a hydrophobic surface tends
to denature adsorbed proteins due to hydrophobic interactions [37, 85-87]. From its
hydrophobic nature we expected that LTIC would denature proteins. Our DSC smudy shows
that LTIC denatures all the proteins studied in a number of buffers of different
pH[12].

Adsorption kineties and amounis [10, 13-15]

We utilized AC impedance to investigate protein adsorption on LTIC electrodes, by
measuring the change in double layer capacitance. The parameter ‘normalized capacitance
change’ (NCC) was used as a measure of adsorbed amounts, Adsorption kinetics was
analyzed by two terms: #,; and e, the times for NCC to reach half and 80% of the plateau
value, respectively. The data in Table 6 shows relatively high rates of pratein adsorption
on LTIC from moderate solution concentrations compared with those on gold. When
protein concentration is above (.10 mg ml ", 4,5 is achieved within 20 s, When the concen-
tration is above 1.0 mgml ', 4, for albumin is within 10 s and fyy; within 2 min. Albumin

Table 6.
{10 and fypey for some adsorption cases

Electrode  Protsin Conc. (mg m]_'J fi (5) feges (min)
LTIC Albumin 0 10 L7

LTIC MThumin 1.0 9 2.1

LTIC M biirmin .30 1220 26*02
LTIC ‘Albumin 0.10 20 30

Crold Adbumin (50 20 7

LTIC Fibrinogen  0.05 2+3 20=03
Gald Fibrinogen  0.0% 14 23

LTIC Lysozyme  0.50 12+5 20+06

A :L g :-



446 L. Fenp and J. D. Andrade

adsorbs on LTIC faster than on gold but the rate of fibrinogen adserption is similar on both
substrates. The kinetic studies show that the capacitance change at carbon—water interfaces
due to protein adsorption is initially linear with the square root of adsorption time and then
linear with the natural logarithm of adsorption time. This indicates that the adsorption
process is initially diffusion controlled but later involves heterogeneous interactions
between the surface and proteins. The AC impedance measurements further imply that the
electrostatic interaction is not apparently significant in the interactions between the LTIC
surface and the proteins studied. There is a strong indication that the hydrophobic inter-
action is the dominant force.

Both impedance and radioisotope-labeling techniques produced similar protein adsorp-
tion isotherms [13,14]. Isotherms of albumin and fibrinogen on LTIC show that the surface
concentrations do not reach the plateaus until high bulk concentrations are used and that
the surface coneentrations are high at the plateaus for both proteins, indicating that LTIC
has a strong tendency to adsorb proteins.

The high affinities of proteins for the LTIC surface can be further revealed by com-
petitive adsorption from protein mixtures [14], Adsorption of albumin and fibrinogen onto
LTIC from diluted plasma solutions is only moderately suppressed despite the competition
of other proteins. Competitive adsorption from an albumin/fibrinogen binary system con-
firms that there is no preferential adsorption of either albumin or fibrinogen on LTIC.

Irreversibility of adsorption [14]

Adsorbed proteins on LTIC can hardly be displaced either by buffer, by protein solution,
or even by 2% SDS sollution. Ovemnight displacement of desorbed albumin or fibrinogen
from LTIC in these eluents is seldom beyond 5%. Protein exchange experiments also show
that even multilayer proteins are not easily displaced. This work clearly demonstrates a
very important attribute of the LTIC surface: it tenaciously and irreversibly adsorbs
proteins. In fact, no effective way has been found to completely clute adsorbed proteins
from LTIC. This coincides with the general observation that protein adsorption is irreversi-
ble on some hydrophobic surfaces [3, 43,88], suggesting such strong adsorption is very
likely emanating from the hydrophobic interaction.

DISCUSSION
A compuosite process

We now hypothesize what happens when LTIC is brought into contact with blood? The
protein-surface interaction is a composite process composed of about four stages: diffu-
sion, adsorption, denaturation, and modification. Although they take place successively for
individual protein molecules, these four stages can overlap with one another for the whole
system. They are treated as isolated sequences only for the purpose of clanty. Although
a similar process has been proposed for other materials, we utilize it for the speeific case
of LTIC with discussion of carbon’s particular characteristics.

Diffusion. When LTIC first contacts blood, plasma proteins begin to collide with the
solid surface. The collision rate is predominately determined by the protein concentration
in blood () and to a lesser extent by the diffusion cocfficient (). The collision rate of
a particular protein at the interface (n) can be estimated by [32]:
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Table 7.
Propertional parameters for the “big twelve' plasma proteins®
Concentration Diffusion coef, €D
Protein (mgml™) (umol) (107 cm’s™) (umolems")
Albumin 40 600 fi.1 0.469
18G R_17 100 4.0 0.063
1DL 4.0 2 2.0 0.001
HDL 3 18 4.6 0012
i-Macroglobulin 2.7 i3 24 0,002
Fibrinogen 2-5 1.5 z 0.003
Transferrin 23 30 5.0 0.021
a-antitrypsin 2 40 5.2 0.029
Haptoglobin 2.0 20 47 0.014
3 1.6 9 45 0.006
lgA 1-4 15 4 0.009
IeM 0.05-2 | 26 0.001

“ Adapted from [69]

/2

= (%) -Cc-D'"?, )

Table 7 shows the concentrations, diffusion coefficients, and the proportional parameters,
CD'"?, of the twelve most concentrated plasma proteins (concenfrations higher than
1 mg ml ™Y [69]. Obviously proteins with the highest abundance and the largest diffusion
coefficients will collide with the surface in greatest numbers [89].

Adsorption. The protein molecules that hit the surface are prompily retained by the
surface. LTIC does not discriminate or select among the plasma proteins. Thus the
composition of adsorbed proteins is similar to that of proteins that collide with the bare
surface. Among the initially adsorbed proteins, albumin is the most abundant one (about
T0% of the total), plus a small proportion of 12G (Table 7), whereas fibrinogen contributes
no more than 4%. The adsorption of proteins of the contact activation system is very low
due to their low plasma concentratons. For instance, the concentration in human plasma
is 30 ug ml ™ for Hageman factor, 70 g ml ' for high molecular weight kininogen, and
50 ugml * for prekallikrein [64]. These only represent 0.04. 0.09, and 0.06% of total
plasma proteins, respectively.

Denaturation. The adsorbed proteins are rapidly denatured by the LTIC surface through
hydrophobic interactions. Globular plasma proteins are likely flattencd on the surface,
resulting in a dense and relatively impervious protein film that completely covers the LTIC
surface [43]. Litile or no bare LTIC surface is exposed to blood after this adsorption
process. The proteins that intimately reside on the surface are tenaciously held. The
association 1s so strong that ordinary means of elution cannot remove them. Thus the
protecting film is stable and resistant to being displaced.

Modification. Since LTIC is actually covered, protected, and thus modified by the bland
proteins (albumin and perhaps the albumin-lgG complex [907]), this protein covered
surface becomes blood compatible. The proteinaceous film prevents the surface from

S T T
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contacting potentially active plasma proteins (e.g., Factor XII) and platelets. The film does
not activate them nor does it trigger the coagulation cascade.

There are several hypotheses on how albumin passivates solid surfaces: (a) albumin
inhibits surface contact initiation by blocking the surface active sites [91, 92]; (b) albumin
complexes surface activated materials, most likely plasma proteins [73, 91]; and (c) the
inhibitory effect of albumin on platelet adhesion is due to absence of binding residues
[93].

Even though adsorbed albumin in some isolated areas will occasionally detach for some
reasons, the spots will be instantancously replenished and patched by adsorption of circu-
lating albumin so that the entire protecting film remains intact.

Unigueness of LTIC

The hypothesis of surface conditioning by proteinaccous films is not new [94]. Using
albumin to make a surface more blood compatible has been proposed and practiced for
many years [40, 63, 74, 95]. In fact all the surfaces that contact blood are conditioned by
plasma proteins. What is unique for LTIC and perhaps other carbons is that they possess
the following characteristics.

Very stable albuminated overlay. The protein protecting film on LTIC consists of
mostly bland proteins, which is the result of its nonselective adsorption and the absence
of displacement of adsorbed proteins, This property gives the surface a relatively perma-
nent blood compatibility. Albumin should be the first protein to arrive at surfaces because
of its high concentration [96]. The question is if the surface can adsorb and retain the
colliding albumin strongly. Even though some materials have been albuminated upon
contacting bloed, the albumin film may not completely cover the surface; the adsorbed
albumin can be gradually displaced by other surface active proteins, or the albumin layer
can be proteolytically degraded [74]. These mechanisms may be realized when the surface
has a lower affinity to albumin (most surfaces do) than to other proteins, decreasing the
effectiveness of the conditioning. In conclusion, the high affinity to all adsorbed proteins
including albumin may be the most valuable property for LTIC and perhaps other
carbons.

High surface energy and dispersion force. Strong interactions of LTIC with proteins
may originate from its relatively high surface energy in addition to its hydrophobicity.
Usually, surface free energy can be approximated by the eritical surface tension (y.) for
a sohd surface [36]. Contrary to eommen hydrophobic polymers that have . around
30 dyn cm ', the 7 of LTIC is 50 dyn cm ' [47]. High surface energy can result in a high
tendency for adsorption. The hydrophobic interaction may be treated as a ‘passive inter-
action” because its driving force is from the surrounding water; not directly from the
attraction of the solid surface [97]. On the other hand, high surface energy might provide
a ‘positive’ component, which can facilitate protein adhesion. Consequently, LTIC may
have a greater intrinsic capability of adsorbing and retaining plasma proteins than low
surface energy polymers. High surface energy may also help adsorb more proteins. The
thicker proteinaceous film may provide stronger proteetion. Baier has proposed a route to
achieve thromboresistance: using materials with high surface energy [35]. Surfaces of high
energy may also tend to denature proteins [37]. However, high surface energy alone may
not be sufficient to prevent adsorbed protein from desorption. The dominant factor for the
ureversibility may still be the hydrophobic interaction.
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Modest hydrophobicity. Despite being hydrophobic, LTIC surfaces contain a farily
large amount of oxygen whereas common hydrophobic polymers only have hydrophobic
chains, such as polyethylene and Teflon. The presence of surface oxygen produces a less
hydrophobic surface for LTIC than that of polyethylene or Teflon. Optimumly oxidized
surfaces may actually be favored in the interaction with proteins since proteins should not
be very hydrophobic because even their hydrophobic residues have polar groups and they
arc attached via polar peptide bonds. For example, proteins show maximum affinity to
surfaces of mtermediate polarity [85, 98]. For example, albumin binds more strongly to
silicone rubber whose hydrophilicity has been increased [95]. The resistance of adsorbed
albumin and IgG to elution by SDS increases with the oxygen content of polystyrene [99].
LTIC still has a heterogeneous surface after polishing but with smaller domains, which can
have distinet hydrophobicity if the oxides cluster at the defect areas. The balance of the
polar and nonpolar components and the nano separation of hydrophobicity should
strengthen the protein-surface interaction by providing proper sites for different peptide
segments. Hence, the surface heterogeneity of LTIC is also important. Its funetion is not
necessarily in preserving the native conformation of adsorbed proteins but rather in
enhancing the adhesion between the surface and the adsorbed denatured proteins.

Low dynamic movement.  Almost all organic polymers have dynamic surfaces at room
temperature, Their surface composition and structures are constantly changing to accom-
modate variations in the environment [100]. Such a dynamic process may weaken the
association of the surface and the adsorbed protein. Sevastianov has indicated that high
chain mobility induces a considerable decrease of surface blood compatibility by provok-
ing formation of structured ion layers at the interface [43]. Chain motion in LTIC is
severely restricted by the two dimensional network. Subsequently, rigid LTIC acts as a
solid ground for proteins to anchor, fortifymg their association with the surface.

The n—n eleciron interaction. Molecules can associate with each other by forming 7o
or m—n complexes, often called charge-transfer or electron donor-acceptor interactions
[101]. Porath and Larsson observed that aromatic amino acids (tryptophan, tyrosine, and
phenylalanine) strongly interacted with Sephadex gel coupled to aromatic groups
[101, 102]. Jennissen and Demirolou found that proteins had much stronger interactions
with alkyl agaroses when the alkyl chain contained a sulfur atom, which has non-bonding
lone electron pairs [103, 104]. They suggested that charge-transfer interactions play a
unique and important role in those cases. Composed of fused imperfect aromatic rings.
LTIC should be able to interact with aromatic amino acid residues of adsorbed proteins via
such charge-transfer interactions. Different oxidation may produce different surface
regions with different interactions, the quinone-like group can be an electron acceptor and
the phenol-like one should behave as an electron donor [102]. The charge-transfer inter-
action cannot only partially explain why LTIC tenaciously adsorbs proteins, it also pro-
duces a hypothesis as to why LTIC strongly denatures proteins: strong interactions with
aromatic groups that are often buried inside the protein help produce protein unfolding
(denaturation). The hydrophobic interaction between LTIC and proteins may be partly due
to this charge-transfer interaction [101],

Test results of the hyporheses

Results from the summarized research enable us to test the two hypotheses put forward in
the beginning of this paper. Almost every bit of information collected indicates that there

AT
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1S a very strong interaction between the LTIC surface and the adsorbed protein. Thus the
second hypothesis (strong interaction) is considered more realistic and merits further
investigation.

Establishment of protein passivation may also explain some of the apparently con-
troversial behavior of LTIC, tabulated in Table 1: (1) the hydrophobic surface becomes
relatively hydrophilic because the adsorbed proteins orient their hydrophobic moieties
towards the solid surface and the hydrophilic ones to the aqueous environment; (2) the
original high surface energy is screened; (3) the process of transferring electrons can be
suppressed by blocking electron transfer pathways; and (4) the net charge of LTIC can also
be masked by the proteinaceous layer.

In summary, since LTIC is covered by plasma proteins, its surface properties are the
result of this proteinaceous film. The function of the carbon substrate is to dictate the
composition, structure, and stability of the proteinaceous layer.
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This paper correlates molecular structure of fibrinogen to its
adsorption properties at the solid-water interface. These properties
play an integral role in helping fibrinogen fulfill its biological
functions. We first introduce some unique surface (interfacial)
attributes of fibrinogen by comparing it to other plasma proteins. We
consider its concentration on_solid surfaces, effects of solid substrates,
adsor_pt.ion kinetics and isotherms, competitive adsorption, structural
adapu_vity, and platelet-binding ability. We then examine its structural
f)rgamzation by utilizing available data from the primary structure,
urgmunoch_emical properties, structural stability, solubility,
microscopic images, X-ray diffraction data, and information on
prqtcolytic fragments. By analyzing the amino acid sequences, we
estimate the flexibility and hydropathy along individual polypeptide
chains. We inspect the net charge and hydrophobicity of individual
structural domains. We pay special attention to the less addressed Aa
c}]ain, especially to its contribution to fibrinogen adsorptivity. While
discussing its characteristics, we try to correlate the structure of
fibrinogen to its properties.

Fibrinog‘cn plays an indispensable role in hemostasis of vertebrate animals: blood
coagulat_lon_(conversion of fibrinogen to fibrin through proteolysis of thrombin and
polymerization of fibrin monomers into fibrin clots) and platelet aggregation (binding
:0 Elalelel.s and linkjrlllg tl;lcm together or immobilizing them on a surface) (I1-4). These
WO processes usua appen si sulting i -fibri
et Lhrgmbu.g)y(S).pp multaneously, resulting in a platelet-fibrin plug

Bcsidcs_intcracting with solution proteins (thrombin, plasmin), fibrinogen has
other interfacial interactions: binding 1o cells (platelets, endothelium (6) and leukocyte
(7)) and_associating with non-biological surfaces. Because of its cell adhering
propensity, fibrinogen is categorized as a cell adhesive protein, together with
fibronectin, vitronectin, and von Willebrand Factor (vWF) (6,8-10), all containing the
Arg-Gly-Asp (RGD) sequence (/1-13). Fibrinogen is a "sticky" protein having a
strong tendency to adsorb onto various surfaces. These properties earn ﬁbri‘nogcn the
reputation of causing thrombogenesis on biomaterials.

0097—-6156/95/0602—0066512.00/0
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The origin of the surface activity of fibrinogen has not been thoroughly studied.
Since it is important for our understanding of blood compatibility, we wish to explore
these areas: How is the surface activity of fibrinogen related to its molecular structure?
How does its structure help its platelet binding function? Is fibrinogen unique or is it
similar to other surface active proteins?

Recently a large volume of data concerning structure and properties of proteins
have become available. We can address the molecular structure of fibrinogen and its
relation to the adsorption properties although we still lack the details of its secondary
and tertiary structures. In this paper we focus on its interactions with solid surfaces,
antibodies and platelets and correlate its primary and domain structures to its
adsorptivity at the solid-water interface and to platelet binding induced by surface
adsorption, Our analysis of amino acid sequences is based on human fibrinogen.

Adsorption Properties

Although most proteins are amphipathic and surface active, the degree of their surface
activity is different. Fibrinogen shows high surface activity at solid-water interfaces,
manifested from its high surface concentration, high adsorption competitivity, and
persistence on most surfaces. Strong association with a solid surface seems to be a
property of many of the proteins participating in blood coagulation, including
Hageman factor, high molecular weight kininogen ({HMWK), and plasma
prekallikrein (14).

High Surface Concentration, More fibrinogen is usually adsorbed than most other
proteins (15-21). Part of this is likely due to its high molecular weight. However, as
will be discussed later, other contributing factors include its strong lateral interactions,
producing close packing of adsorbed fibrinogen films and itssurface activity, resulting
in multilayer adsorption (17,22,23,24).

Low Substrate Influence. The adsorption of fibrinogen is less affected by surface
nature of materials (21,25-28). Like most proteins, fibrinogen is usually adsorbed
more on hydrophobic surfaces (27}, but the difference is smaller than in the case of
most other proteins. An increase in hydrophilicity of a surface may not substantially
reduce fibrinogen adsorption (29). For example, fibrinogen can adsotb on hydrophilic
as well as on hydrophobic surfaces in similar amounts (21,30). It adsorbs more on
sulfonated polyurethane, which is more hydrophilic than polyurethane (16,31).
Fibrinogen can bind to heparin, a negative but hydrophilic substance, as do
fibronectin, vitronectin, and vWF (32). It can also adhere to some protein "repelling”
surfaces (29,31,33,34).

Transient Adsorption Kinetics. The adsorption kinetics of fibrinogen from dilute
plasma onto some hydrophilic surfaces often shows a maximum at some point,
followed by decreasing surface concentration with time. Called the Vroman effect
(20,27,35), this phenomenon is believed to reflect a process where the adsorbed
fibrinogen is gradually displaced by other even more surface active proteins on these
surfaces, such as HMWK, Hageman factor, or high density lipoprotein (36,37).

Maximum in Isotherms. When adsorbed from dilute plasma, the isotherm of
fibrinogen sometimes has a maximum (26,35). The plasma concentration at which the
maximum occurs seems to be higher on more hydrophobic surfaces (36). This pattern
is also considered to be related to displacement of fibrinogen.
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Competitive Adsorptivity. Perhaps the best way to describe the high surface activity
of fibrinogen is to compare the ratio of its surface concentration to solution
concentration to those of other proteins in a multi-protein adsorption process (38-42),
Some proteins, such as albumin, can show considerable adsorption from single
protein solutions, but its surface concentration may be drastically reduced in the
presence of other proteins, even trace proteins (17,40). Albumin has a low affinity for
many surfaces and is easily displaced by many plasma proteins, including fibrinogen
(9,43-45). Acid glycoprotein is another representative protein with low surface activity
(46). On the other hand, the adsorption of fibrinogen is much less affected by the
presence of other proteins(/7). Fibrinogen often displaces other already adsorbed
proteins (45).

Structurally Labile Protein. Some parts of fibrinogen are rather compliant, as
deduced from ease in surface induced denaturation (27,39,47,48) and low thermal
denaturation temperature (49, 50), Conformational change is more easily revealed by
means of proteolysis or antigen-antibody bonding. After local cleavage by an enzyme
or bonding to an antibody, fibrinogen often undergoes a global conformational
change, expressing many neo-binding sites.

Platelet Binding. Fibrinogen is very active in binding to platelets or other cells. The
binding not only immobilizes platelets onto a surface or brin gs them together to form
a gel network, it can also activate the bound cells (57,52).

Structural Characteristics And Their Consequences

A Massive Molecule with Many Molecular Domains. Figure 1 presents a
molecular model of human fibrinogen, adapted from several sources and based on
electron microscopic images (53-56), X-ray diffraction analyses of modified
fibrinogens (55,57}, and calorimetric measurements {(49). A dimer of molecular
weight (Mw) of 340,000 daltons, fibrinogen consists of three pairs of non-identical
polypeptide chains and two pairs of oligosaccharides. The Mw of the A« chain is
66,066 (610 residues), Bf chain 52,779 (461 residues), y chain 46,406 (411 residues)
(4), and each oligosaccharide 2,404 (58). The negatively charged and hydrophilic
carbohydrate moiety may contribute a repulsive force between fibrinogen or fibrin
molecules, enhancing the solubility of fibrinogen and structurally setting fibrin to
assemble into a normal clot (58,59). They do not have a large contribution to
fibrinogen clottability (60). There are no x-ray diffraction data on the secondary and
tertiary structures of fibrinogen, Measurements by CD, Raman spectroscopy, and
FTIR indicate that the native molecule contains about 35% a-helix, 10-30% B-sheet,
and 14% B-turn {(61,62).

The structurally distinguishable regions of fibrinogen are: a lone central E
domain, two distal D domains, two « helical coiled coils, two oC domains, and a pair
of junctions between them. The E domain contains all the N terminal ends of the six
polypeptide chains linked by disulfide bonds. The D domain consists of the C
terminal ends of the BB and the ¥ chains, and a small portion of the Aa chain, The
coiled coil, made of three a-helices, connects the D domain to the E domain. It is
interrupted in the middle by a small non-helical, plasmin sensitive region (2,63}, In the
context of this paper, the aC domain contains only the C terminal third of the Aa
chain (391-610). Although the middle third of the Ac domain (200-390) has no
definite domainal structure (63-66), we call it the oM domain (M for middle). The
masses are 32,600 for the E domain, 67,200 for the D domain, 42,300 for the 2/3 ¢.C
chain (the aC and «M domains), and 39,100 for the coiled coil (1)
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Figure 1, Molecular model of fibrinogen and its individual domains.
(Fibrinogen actually exists in an antiparallel arrangement, The shown
parallel structure is just for convenience).
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Hydrophobicity. Figure 7 plots the hydrophathy of the 3 polypeptide chains
according to the Ponnuswamy scale (79). The hydrophobicity order is y chain > B
chain > Ac chain. The E and D domains apparently have comparable hydrophobicity,
the «C domain is slightly more hydrophilic, and the oM domain has the highest
hydrophilicity. The hydrophobic region of the oC domain may provide interactions
between the «C domains or with the E domain (64). The hydrophobic, soft D domain
should be preferentially adsorbed onto hydrophobic surfaces via hydrophobic
interactions.

Immunogeneity and Surface Topography. Fibrinogen can bind to a large number
of antibodies (5. It is estimated that a single fibrinogen molecule can accommodate
about 35 antibodies simultaneously (80). It has two kinds of epitopes: exposed ones
on the native protein and latent ones that do not bind to their antibodies unless the
native molecule is conformationally changed (5,51). The Ac chain is the most surface
exposed and readily cleaved by a wide variety of proteases (52,65, 70,81-83). The y
chain is the least exposed (65,84), hidden in the E and D domains, and in the coiled
coil (85). The accessibility of the three chains in native fibrinogen can be produced by
analyzing their binding activity to a variety of antibodies (5,52,81,84, 85). The
exposures of domains can be ranked as highest for the oM domain, followed by the
oC domain, then the D domain, with the E domain last. The coiled coil native
fibrinogen is inactive in binding to antibodies, Once fibrinogen is perturbed this region
seems (o express more neo-gpitopes than any other domain whereas the oM domain
has probably the fewest changes.

Immunochemical analysis is a sensitive tool to interrogate allosteric effects
among the domains. Delicately balanced in structure, the global fibrinogen molecule
has an amazing ability to respond to very local structural alterations. For example,
when fibrinogen is converted to fibrin, some latent epitopes of the ¥ chain in the C
domain become expressed. That suggests that information on conformational changes
induced at the N termini of A and Ba chains in the E domain is transmitted to the y
chain in the C domain (82). Reversibly, removal of the C terminal end of the A chain
in the «C domain will conformationally rearrange the central domain (86). These
phenomena suggest that there is good communication among the domains (65,81).
They function cooperatively, and are not totally independent in action (49). The coiled
coil is likely a conduit for the transmission of allosteric changes from one domain to
another (65).

Platelet Binding Sites. Native fibrinogen can bind to stimulated platelets {(8).
Conformationally perturbed fibrinogen can also bind to unstimulated platelets and
activates the bound platelets, causing them to aggregate and secrete (51,52,87).
Fibrinogen possesses six platelet binding sites, three different pairs located at the D
domains (y 400-411), the «C domains (RGDS of A 572-575), and the coiled coils
(RGDF of Aa 95-98), respectively (12). While the RGD sequence is a common cell
recognition region {10), some cells, like endothelium, do not recognize y 400-411 (6).
Although not available to unstimulated platelets (12), the RGDF sequence of native
fibrinogen can bind to ADP-stimulated platelets (/1). The C terminus of y 400-411
and the RGDS sequence of immobilized fibrinogen actively participates in binding to
unstimulated platelets (12). Both regions also directly interact with ADP-stimulated
platelets (11). However, the Ao chain is only 20-25% as effective as the y chain, and
the RGD sequences of fibrinogen are thought not to be essential to platelet aggregation
(88). In fact, the Ac chain of fibrinogens of some species do not have the RGD
sequence at all (14). It has been speculated that these cell-binding sequences in a
fibrinogen molecule cooperatively enhance the affinity of fibrinogen for platelets {89).
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We suggest the such broad dislribution_of (l?cse sile_s can ensure that fibrinogen
maintain its cell binding ability for different situations. Eyldcncc shovgs that the native
or near native tertiary structuf® is cssgnu_al fo_r fibrinogen to bl_nq to platc_l;ts
(28,51,90,91), and to express its polymcnzat_lon sites (92_). The mu'lt1~bmd1ng ability
allows adsorbed fibrinogen in various adsorption states to interact with platelets. Some
of the platelet binding sites are fikely prot‘cctcd from alteration by sgrfaces. U‘sually
only certain domains are favored by a parpcular surface. Some domains are ad::.orbcd
and probably denatured, anchofing fibrinogen _on_lhe s:urfacc, Others not q:rectly
interacting with the surface have their p!atelets binding sites prese_rvcd so fibrinogen
can interact with platelets whil¢ adhering to a surface, Depending on the type of
surface, immobilization can be provided by a particular Elomam and binding by
another. For instance, on glass it is likely that the aC domain adher_cs to the surface
and the site on the D domain ind to platele}s. On a hydroghoblg surfacq the D
domain more likely adsorbs to the surface, leaving the oC domain available to interact
e pll:.]t;ct:ﬁtst binding is likely faster than surfacc—ir}duced_ denaturation. Immobil%zcd
fibrinogen may bind to and activate platelets prior to its full scale denaturation.
Surfaces with microphase separalion (8 7), with balanced polar and non?p‘ollar
characters (73,93), or with high protein z!fﬁmty (94) sho_w better b!ood compatibility,
presumably because they can inl€ract with all the domains of fibrinogen, destroy the

binding sites, and thus disabling its ability to bind to platelets.

Importance of the C Chain (#C and oM domains). The aC domain is often near
or on the E domain (95), formipg nodules observed by electron microscopy(51,96).
Studies indicate that the «C domains show a considcr_able homology among species
(97). Although the oM domains vary, the nature of their tandem repeats are conserved
(14,66). This overall similarity Suggests that the oC chain plays an important role.
Unfortunately, its biological fupction has not been clearly defined (98). The o.C chain
is not considered as a structural component for the formation of a fibrin clot, but it
may be a factor promoting (66,9 branching (63), and stabilizing (160) the normal
assembly of fibrin. Fibrinogcr‘_]‘_"it?g;‘f aC chain portions deleted show retarded
izati tability (64).
polyrn;;;,igi?;ﬁ;{?&e;; iﬁ:i‘fc chain has not been completely solved. Although the
«C chain seems to have neithe? @-helix nor p-sheet (2), it does show a compact
structure (55), with a defined thermal denaturation temperature (49,?}4). The aM
domain has high hydrophilicity and low inlra-m‘()!ccurlar cohesion (Figs. 7 and 6),
providing high solubility, flexibility and mobility. The aC domain contains a
hydrophobic (A« 470-520) and hydrophmc (AOL_SSD-GIO) region (F_lgurc ?_). y
Although less attention has been given to it (66,72}, more e\:'n_jcncc is s!wwmg
that the «C domain may be partly responsible for the surface activity of fibrinogen.
The «C domain seems to have 4 strong tendency to interact with another ¢C domain
(72,95), enhancing lateral interactions between fibrinogen molccu]cs_(39.40)._ Electron
microscopy reveals that a free 40,000 oC fragment cleaved by plasmin can bind to the
oC domains of fibrin (95). It is reported that the qC domains have a complementary
site so that they can be strong}y tied together intra-molecularly (49,606,64,101),
forming a super «C domain; often seen as a fourth domain by electron microscopy
(57). They also bind to the corresponding regions inter-molecularly, bringing
individual fibrinogen or fibrip Molecules together, guiding fibrin monomers to
polymerize, and regulating the syructure of fibrin clots (63). Covalent bonding between
two «C chains from two fibrin Molecules by Factor XIIla further stabilizes fibrin
polymers (63,102). The aC domain can allf_xch to lhe_E domain, ;_)r_o_ducmg an
apparently larger central domain (56) and blocking the antibody accessibility of the v
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chain in the E domain (65) . Because of its uncertain position related to the bulk
molecule, the «C chain prevents fibrinogen from crystallization(55).

Inter-molecular association of the oC domains may contribute to fibrinogen's
susceptibility to precipitation and thus its low solubility (1(}3). The interaction between
the oC chains can also enhance lateral interactions among adsorbed fibrinogen
molecules (104). Although the oC chain is more hydrophilic than the other chains,
fibrinogen actually becomes more soluble in aqueous solutions without it. The
cleavage starts at the C terminus of the aC chain and gradually extends towards the N-
terminus, producing modified fibrinogen with the oC chain of different lengths. The
longer the ¢C segment chopped off, the higher the solubility of the modified
fibrinogen (1035, 106). ¥

We suggest that the «C chain acts as a "pioneer"” for adsorption, The aM
domain has high flexibility and mobility, permitting high collision frequencies of the
oC chain with a surface. The «¢C domain easily changes its conformation and adheres
to a surface by either the hydrophobic or hydrophilic regions, or is attracted to negative
surfaces. The cooperation of the two domains results in a highly mobile "hand". The
oM domain can also locally associate with themselves or with the ¢M domain of
another molecule, This segment possesses an accordion structure composed of a
series of tight turns, a series of imperfect 13-residue repeats. Most the B-turns contain
a Trp residue at the fourth position, which acts as a "meager toe-hold" for inter-chain
interaction, It is proposed that the stickiness of the ¢C chain is due to the exposure of
the "caged" Trp residues on the Ao chain (66,72). Fibrinogen is scen to attach to the
solid surface by one end from a solution droplet and extend in the direction of the
receding edge as the droplet continues to dry, suggesting that the «C domain is the
first to adhere to the surface (96). Sometimes presumed dimers on hydrophilic silica
may actually be single fibrinogen molecules with the aC chain stretched from the D
domain (30). In addition to electrostatic forces, the interaction between a hydrophilic
surface and the hydrophilic «C chain may be due to the formation of hydrogen bonds
between their mutual hydrophilic groups.

Based on the above discussion, we are able to make a number of predictions.

The interaction between the oC domain and a surface should not be strong since the
chain is neither very hydrophobic nor highly positive. Fibrinogen adsorbed on a
surface via its «C domain alone can be readily displaced by other surface active
proteins (27), or eluted by sodium dodecyl sulfate (SDS) (90,97), Only when other
domains later begin to adhere to the surface does fibrinogen adsorption become
increasingly strong, reducing its displacement and elutability. The presence of albumin
in solution can inhibit this process and thus slows down the decrease in SDS
clutability (90,97). At low plasma concentration, fibrinogen has sufficient time to use
all its domains interacting with surfaces, Thus the surface concentration increases with
plasma concentration. When the plasma concentration is high enough, adsorption of
other proteins prevents fibrinogen from contacting the surface through domains other
than the aC domain. Such adsorbed fibrinogen can be easily displaced, resulting in a
decrease in surface fibrinogen with increasing plasma concentration. This can explain
the maximum in adsorption isotherms of fibrinogen vs. plasma concentration.
Surfaces strongly interacting with the «C domain may improve the blood
compatibility. For example, despite more fibrinogen adsorbed sulfonated
polyurethane has a longer thrombin time (16,707). In addition to the suspected heparin
like behavior of the sulfonated polyurethanes, the interaction may cause a change in
adsorbed fibrinogen and increase its resistance to thrombin attack.

Very large proteins tend to show high surface activity, However, mass is not
necessarily the major driving force, For example, adsorbed fibrinogen (Mw 340,000)
can be displaced by Hageman factor (Mw 78,000) from glass (/08), or by
hemoglobin (Mw 64,650) from several surfaces (36). What is really important is that
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high Mw proteins usually _ : i
oréanization. These characteristics usually offer them the necessary
high surface activity, such
hydrophobicity, etc. As wc_h;wc
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interactions with different surtaces.

Postscript

Fibrinogen is a well built nmlccuic.‘lls prunlzugl,( domain.

;1C0C ical properties. [t contains domains ensuring rapi achion |
E]vhi?}?]Egﬂlﬁ?ﬁ;i}cﬁgizalzurfziccs. Although fibrinogen 18 not very hydrophobic, 1t 18 |
surface active enough (o accumulate Ia1 in 5
its conformation, providing a scnsin_v_c structure which
permits quick reactions. It has the ab_ihly 1o activ
often only slowly inactivated by surfaces.
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Thus a set of three icons were designed to describe a parameter but only one of
_/
them éees used for a given protem
In ha#&%@
deagmnglrcon we balance two criteria: co;nprehenswﬂy
and simplicity. An icon should be easily understood Mstruciure or
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parameters are ficst introduced in Table 1. together with their symbols, units

and physical meanings. The parameters are roughly divided into five groups:
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activity. Table 2 lists the correspondgatticons, some of which are self-
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illustrates the concentration of guanidinium chloride (GdnHCI) required for 50%
protein to become denatured. l.e., the GdnHCI stability. The icons show the
process of denaturation of a protein chain from a folded state to an unfolded

one. The amount of added GdnHCI salt from the spoon stands for the stability of
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a protein; the larger the amount the more stable the protein. The fifth are_a-

desm,uuau_m_a_meeeee—e% decrease in solution surface $itension due to
adsorption of protein at the air/water interface. Ae—tﬁe—e#e&em&&eaiﬁ A low 1 724

concentration (10 pg/ml), the rate is determmed by how fast the proteug{as )

'Lw‘ (naTroe
denatured at the interface, Scr he |c5un3 show the time for the round proieln ~u A'i“f
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converted to the elIJphcaCone : r the decrease in

solution surface tension at high prote{n concentration (50 pg/ml), te==FBte is

dependem upon the hydrophobicity o/f'xatwe protein (the fifteenth set of icons).
T,bre__,ﬁect:ve surface hydrophobicity is also a measure of hydrophobicity of
native proteins. The icons show the the degree of this property by the area of a
hydrophobic patch, which is unwettable by a water droplet. Finally, the last set ¢
depicts the adsorptivity of protein in a competitive adsorption process. The
degree of relative surface activity of a protein can thus be estimated. The icons
portray an adsorption process in a binary protein system, indicating different

adsorptivity of the protein of interest (darker ones).
Fig. 1-3 demonstrate some applications p#the-fistedfcons. Fig. 1 is the
icon representations of three globular proteins - superoxide dismutase (SOD),
lysozyme (LSZ) and myoglobin (MGB), whose Tatra plots have been publnshed& >
Table 3 interprets the result of the individual parameters for the three proteins in
Fig. 1. Fig. 2 compares some parameters of human serum albumin (HSA) and
human fibrinogen (HFG), from which we immediately learn the following facts
H:_SA is a middle sized molecule with relatively high density of disulfide bonds; it
he":éfemvery high solubility in buffer but relatively low adsorptivity, On the other
hand, HFG is a large molecule with relatively few disulfide bor}d's/: its solubility is
low but its adsorptivity is rather high. The icons can aise,zﬁe utilized tq show
characteristics of individual domains within a molecule./mgﬂﬁﬁj;aividual
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domains and their properties are important in analysis of large multi-domain
prote[n_sJS|?ca many of their properties are lasgety-determined by EELG domains
rather than the global moleculey. Fig. 3 shows three properties of(three major
domains of HFGZE, D, and Aca C. Evidently the Aa C domain is more hydrophilic
than the other two and it is slightly positively charged, in contrast to the E and D
domaiﬁé.;which are negatively charged. Both the D and Aa C domains have low

thermal denaturation temperatures but the E domain denatures at very high

temperature
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Table 1 Parameters selected for 3#& icon representation

Group Parameter Symbol Unit Physical meaning
Size Molecular weight Mw Dalton Volume of proteins
Structural  Temperature of thermal Td oC Thermal stability
stability denaturation @)

| GdnHCI concentration [GdnHCl]1/2 Molar GdnHCI stability

{Uz, -Gt 50% denatura’tfgf ) qf}.&w.\é' | ‘\} o

Compressiy ¥ A ‘Idmamﬁ 'd ) . A measure of protein
v hardness

Rate constant of surface
tension kinetics at low bulk
concentration (10ug/ml)

k1 (low) hr -1 Rate of surface-induced

denaturation

Number of disulfide bondj S-S Integer More disulfide bonds make
number a protein more stable

Hydro- Effective surface ESH 4 Hydrophobicity of proteins
phobicity  hydrophobicity ) in their native states

Ratio of poiar—nonpo’ar P-N Yo Chain hydrophobicity

amino acids d 7

b

Average a-moment < | Fuo L.Ub_ux - ZA measure of quantity and

multiplied by fraction ol gk A amphilicity of a-helices

of a-helices \ s

Average f-moment C ) Fup Z A measure of quantity and

multiplied by fraction -~ amphilicity of B-sheets

of B-sheets
Hydro- Percent accessible area O % % Inversely related to protein
philicity of negatively charged effective hydrophobicity

oxygen atoms

Net surface charge So Integer Increasing surface polarity

(positive or negative) _ ,7 number and thus hydrophilicity

Solubility in buffer.©) (f / gg o mg/ml Higher solubility means

' higher hydrophilicity

Surface Steady-state surface [Iss dynes/cm  Air/water interfacial activity
activity pressure at bulk concen- of proteins at equilibrium

tration of 50mg/ml

Rate constant of surface
concentration (50ug/mil)

Adsorptivity

a) pH dependent
b) Measured by cis- PmA bin
5% £] Solvent depﬂndem
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k1 (high) hr -1 Dependentof hydrophobic-

ity of native proteins

I'm Relative adsorbed quantity
from a multi-component
system
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2 4 Table 3 Parameters described by icons for SOD, LSZ, and MGB
') (parameters are clockwisely counted beginning at the left corner)
; o Parameter Comparison Remark
v‘vﬂ/\f\f AN QA.AAA_,*J NP AT
NN NN NN NN it e ~, T P
— i SNy o _. Mw SOD=LSZ=MGB All are srnali protems , s
s N VW NN oL o ’ i 4
—_>~“ Py et B S R w\;\»— Mw,«il’;"“f”’f : S-S LSZ>SOD>MGB MGB is a soft protem but the other two are rnuch harder
=1 .. b N-P MGB>SOD=LSZ
21% i Td SOD>LSZ>MGB
2 3 [GdnHCI)y2  SOD>LSZ>MGB
R S R AE A AAAAAAAAAAAAA A 3 @ Fua MGB>LSZ SOD has no a-helix
i §i Fup SOD>LSZ MGB has no B-sheet
! ¥
i ESH LSZ>MGB>SOD
[ : 1 (high) LSZ>MGB>SOD For native states, LSZ has the highest
§ O % SOD>MGB>LSZ
ky (low) MGB>LSZ=S0D
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ABSTRACT

This paper correlates molecular structure of fibrinogen to its properties at solid-water
interfaces. These properties play an integral role in helping fibrinogen fulfill its biological
function. We first introduce some unique surface (interfacial) attributes of fibrinogen by
comparing it to other plasma proteins. We consider its surface concentration, effects of
solid substrates, adsorption kinetics and isotherm; competitive adsorption, structural
adaptivity, and platelet-binding ability. We then examine its structural organization by
utilizing available data from the primary structure, immunochemical properties, structural
stability, solubility, microscopic images, X-ray diffraction data, and information on
proteolytic fragments. By analyzing the amino acid sequences, we estimate the flexibility
and hydropathy along individual polypeptide chains. We also inspect the net charge and
hydrophobicity of individual structural domains. We pay special attention to the less
addressed Aa chain, especially its contribution to fibrinogen surface activity. While
discussing its characteristics, we try to correlate the structure of fibrinogen to its properties.
In conclusion, we claim that fibrinogen is a molecular machine designed for hemostasis. Its

surface behavior is inimately related to its structure.



INTRODUCTION

Fibrinogen is an intriguing plasma protein. It plays an indispensible, two-fold role in
the hemostasis of all vertebrate animals: blood coagulation and platelet aggregation
(Doolittle, 1984 and 1994, Smith, 1984, Shafer and Higgins, 1988). The former process
consists of the conversion of fibrinogen to fibrin through proteolysis of thrombin, and the
polymerization of fibrin monomers into fibrin clots (Doolittle, 1984, Smith, 1984, Shafer
and Higgins, 1988). The latter involves the binding of fibrinogen to platelets, linking them
together or immobilizing them on a surface, and producing platelet aggregates. During
hemostasis, these two processes usually happen simultaneously and are closely integrated
with each other, resulting in a platelet-fibrin plug (hemostatic thrombus) (Plow el at.,
1987).

Besides interacting with a variety of solution proteins (thrombin, plasmin, cc}llééén),
fibrinogen demonstrates two other special abilities with respect to the interfacial interaction:
binding to cells, such as platelets, endothelium (Cheresh, 1989) and leukocytes (Altier et
al., 1993), and associating with non-endothelial (non-biological) surfaces like those of
prosthetic implants. Because of its cell adhering characteristics, fibrinogen is categorized as
a cell adhesive protein, in the same family as fibronectin, vitronectin, and von Willebrand
Factor (vWF) (Cheresh et al.,1989, Phillips et al., 1988, Fabrizius-Homan and Cooper,
1991, Berliner et al., 1988). All these adhesive proteins have at least one identified cell
binding site, containing the Arg-Gly-Asp (RGD) sequence (Hawiger et al., 1989, Savage
and Rugger, 1991). Once deposited on surfaces, these proteins often promote platelet
deposition (Savage and Rugger, 1991, Lambrecht et al., 1986). It is well known that
fibrinogen is a "sticky" protein, having a strong tendency to adsorb onto various surfaces
from blood, plasma, or aqueous buffer solution. This property, combined with its platelet

binding propensity, earns fibrinogen a notorious reputation: a protein causing

thrombogenesis on biomaterials.
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Unlike the relatively understood interaction between fibrinogen and platelets (Cheresh
et al.,1989, Berliner et al., 1988), the origin of surface activity of fibrinogen has not been
thoroughly studied. In order to obtain insight into the blood compatibility of biomaterials,
we wish to know the following: How is the surface activity of fibrinogen related to its
molecular structure? As a molecular machine, how does the structure of fibrinogen help its
platelet binding function? Is fibrinogen unique or is it similar to other surface active
proteins in terms of different levels of structure (primary, secondary, tertiary, and
quarternary)?

Thanks to the rapid progress in molecular biology and protein science, a large volume
of data concerning structure and properties of proteins have become available. We address
molecular structure of fibrinogen and correlate its structure to its surface properties, despite
the fact that we lack many details of its secondary and tertiary structures. Here we focus on
the physical interaction of fibrinogen with solid surfaces in aqueous solution, and its
interactions with other proteins (antibodies) and platelets. We correlate the primary (amino
acid sequences) and quaternary (domain) structures of fibrinogen to its surface and
interfacial properties: adsorptivity at the solid-water interface and platelet binding induced
by surface adsorption. The conversion of fibrinogen to fibrin in coagulation will not be
specifically discussed, as this process has been intensively studied (Doolittle, 1984 and
1994, Smith, 1984, Shafer and Higgins, 1988) and is not directly related to the fibrinogen-
surface interaction. Our analysis of amino acid sequences is based on human fibrinogen.
General conclusions should be applicable to fibrinogens of other species, as their
composition, polypeptide chains, and molecular configurations are very similar (Murakawa

et al., 1993). Except for its antigenicity, we do not discuss Ibg”Tibrinogen -protein

interaction that is beyond our focus here. The dependence of fibrinogen on divalent cotines—
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will not be discussed although it is very important (Phillips, et al., 1988).
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interactions between individual molecules, producing close packed adsorbed fibrinogen
INTERFACIAL PROPERTIES P g pa &
! ‘ _ o , Bt ] films, and surface activity, resulting in the ability to reside on the surface of already
Most proteins are amphipathic molecules and are therefore intri nsically surface active. A o4 ?
- _ _ i e e adsorbed proteins, i.e., multilayer adsor tion (Lahav, 1987, Feng and Andrade, 1994b,
However, their surface activities are different, manifested by their adsorbed amounts, the 3 . P g
et _ . : P Sy Pankowsky et al., 1990), ng pared with the more usually observed monolayer adsorption —
ratio of their surface concentration to their solution concentration in protein mixtures, and e WA 0N
1 2 £ - - ' / - .
- _ (Schmitt et al., 1983), More fibrinogen gan be accommodated because of such possible i
their resistance to being eluted or displaced from surfaces. Fi brinogen shows high surface . Po
- ; ; _ ol (B i : _ multilayer adsorption.
acuvity at solid-water interfaces, as it rypwa/%_\' exhibits high surface concentration, high 5
competitivity in adsorption from protein mixtures, and persistance on most surfaces, '
; : . . ﬁi' Low substrate influence
compared with most other proteins. Such a tendency to associate with a surface seems to be a .
el by The adsorption of fibrinogen is less affected by variation in the nature of the surface

a generic property among the plasma proteins that participate in the blood coagulation L g 4
. _ s i (Kibing and Reiner, 1978, Slack and Horbett, 1992, Weathersby et al., 1977, S it et
process, including Hageman factor (Factor XII), high molecular weight metecular— S & crsby et al., chmitt e
. LA : al., 1983, Rapoza and Horbett, 1990), implying that fibri adily i “ts wi
kininogen (HMWK), and plasma prekallikrein (Williams, 1987). This suggests that the— — P ), implying that fibrinogen readily interacts with

_ . ) _ o different surfaces. Like other roteins, fibrinogen is usually adsorbed more on
high surface activity may be related to thefrBiological functionality, as contact activation - P g 3

(L e N A R L oS g i

_ n . hydrophobic surfaces than on hydrophilic ones Slack and Horbett, 1992), but the
involves interactions between proteins and surfaces. It is thus beneficial to analyze how é - {51,_ ; P ( , 1992),
_ | o _ o . . difference is smaller than, most, proteins. The main difference of surface concentration =~
protein structure results in high surface activity, especially for fibrinogen. In this section, 4
_ _ _ _ . i ‘ = among proteins is on hydrophilic surfaces (Ten vall et al., 1992). An increase in
we briefly introduce some properties of fibrinogen related to its interactions with surfaces. g : =y e )
: , ) hydrophilicity alone may not substantiallv reduce fibrinogen adsorption (Maechling-
Although these properties are well known, the interfacial behavior has not been clearly E v ’ / J 4 P ( 2
S Strasser, 1989). For example, fibrinogen can adsorb on hydrophilic as well as on

understood from a molecular structure point of view. 4
hydrophobic surfaces with similar amounts (Weathersby et al., 1977, Nygren et al., 1992).

Fibrinogen even adsorbs more on a polyurethane when it is sulfonated and thus becomes

High adsorbed amount

& . . , more hydrophilic (Santerre et al., 1992, Okk et al., 1991). Lik :
Fibrinogen usually has a higher surface concentration than most other proteins e ( . cma et al., 1991). Like other adhesive

! . _ roteins, fibrinogen can bind to he rin, a negative but hydrophilic substance sumably
adsorbed from solutions of equal bulk concentration (Absolom et al., 1987, Santerre et al.. P g P g JUrop: nce, presumably

_ . through electrostatic interacti ith heparin-bindi ites, simil % “ i
1992, Feng and Andrade, 1994b, Baszkin and Lyman, 1982, Young et al., 1988, ¢ ractions with heparin-binding sitcs, similar 0 those of R

Ey SR e vitronectin, and vWF (Mohri and Ohk , 1993a).
Wojciechowsky et al., 1986, Weathersby et al., 1977). Part of this is likely due to its high (Mohri and Ohiubo 2)
molecular weight; few fibrinogen molecules produce a large mass on a surface. However,

as will be discussed later, being big is neither a necessary nor a sufficient factor for high

deposition (Valerio et al., 1987). Other contributing factors include its strong lateral




Transient adsorption kinetics

The adsorption kinetics of fibrinogen from complex protein mixtures (e.g., plasma)
on some hydrophilic surfaces like glass us%ﬂly shows a maximum at a very short
adsorption time, followed by decreasing surface concentration with time. Called the
Vroman effect (Slack and Horbett, 1988 and 1992, Wojciechowsky et al., 1986), this
phenomenon is believed to reflect a process where the adsorbed fibrinogen is gradually
displaced by other even more surface active proteins, such as HMWK, factor XII, or high-
density lipoprotein (HDL) (Poot et al., 1990, Brash et al., 1988). Such displacement of
adsorbed proteins indicates that different proteins have different affinities for a particular
surface and that protein adsorption is a dynamic process with continuous adsorption,

desorption, and displacement at the interface.

Maximum in isotherms

When adsorbed from dilute plasma, the surface concentration of fibrinogen initially
increases, passes a maximum, and decreases (Slack and Horbett, 1988, Wojciechowsky et
al., 1986). The plasma concentration at which the maximum occurs seems to be higher on
more hydrophobic surfaces (Horbett, 1984). This pattern is also considered to be related to
displacement of fibrinogen. Competitivity increases as unoccupied surface adsorption sites
become less frequent. In this case not only protein compositionébut i;sigcd)nccntration and

thus g’ protein surface occupancyplay a role.

Competitive adsorptivity

Perhaps the best way to describe the high surface activity of fibrinogen is to compare
the ratio of its surface concentration to solution concentration to those of other proteins in a

multi-protein adsorption process (Kim and Lee, 1975, Bagnall, 1978, Lensen et al., 1984,

36, Norde, 1986, Park et al., 1991). The ratio represenljhc ability of a protein to occupy
4
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surface sites and to resist being displaced, and it varies among proteins. Some proteins,
such as albumin, can show considerable adsorption from single protein solutions, but its
surface concentration may be drastically reduced in the presence of other proteins, even
tHowgh-these-are trace proteins (Lensen et al., 1984, Feng and Andrade, 1994b). This more
frequently occurs on a hydrophilic surface, for which the differences of the affinity are
larger among different proteins (Feng and Andrade, 1994b). Albumin has a relatively low
affinity for many solid surfaces, having a low inhibitory effect on adsorption of other
proteins, or being easily displaced by many plasma proteins, including fibrinogen
(Fabrizius-Homan and Cooper, 1991 and 1991a, Sunny and Sharma, 1991, Voegel et al.,
1988). Acid glycoprotein is another representative protein with low surface activity (Feng
and Andrade, 1994a). On the other hand, the adsorption of fibrinogen is much less affected
by the presence of other proteins; on hydrophobic surfaces the adsorbed amount of
fibrinogen from dilute plasma is comparable to that from the single protein solution (Feng
and Andrade, 1994b). Instead of being displaced, fibrinogen often displaces other already
adsorbed proteins (Voegel et al., 1988). The high surface affinity of fibrinogen can be
further demonstrated by its ability to adhere on so called protein "repelling" surfaces, such
as highly hydrophilic, polyethylene oxide and on protein-coated surfaces (Bergstrom et al.,
1992, Amiji and Park, 1992, Okkema et al., 1991, Maechling-Strasser, 1989). Fibrinogen
and other surface active proteins can adsorb on such surfaces in fairly large quantities

(Lahav, 1987, Feng and Andrade, 1994b, Young et al., 1988, Fabrizius-Homan and

Cooper, 1991).

Structurally labile protein

Some parts (or domains) of fibrinogen show a rather compliant organization,
manifested by ease in surface induced denaturation (Bagnall, 1978, Katona et al., 1978,

Feng and Andrade, 1994, Slack and Horbett, 1992) and low thermal denaturation




temperature (Privalov, 1982, Medved, et al., 1986), demonstrating that small external
perturbations can cause a significant changes in its secondary and tertiary structures and
thus properties. Tﬁé@nfonnalional change is more easily revealed by means of proteolysis
or antigen-antibody binding. After local cleavage by an enzyme or bonding to an antibody,
fibrinogen often undergoes a global conformational change, expressing many neo-binding

sites (see later discussion).

Platelet binding

Fibrinogen is very active in binding to platelets or other cells through the interaction
of its particular residues with cellular receptors, membrane proteins (integrins). The
binding not only immobilizes platelets onto a surface or brings them together to form a gel

network, it can also activate the bound cells (Shiba et al., 1991, Ugarova et al., 1993).

STRUCTURAL CHARACTERISTICS AND THEIR CONSEQUENCES

A massive molecule with many molecular domains

Fig. 1 present a molecular model of human fibrinogen, adapted from several sources
based on electron microscopic images (Mosesson et al., 1981, Gollwitzer et al., 1983,
Weisel, et al., 1985, Beijbom et al., 1988), X-ray diffraction analyses of modified
fibrinogens (Weisel, et al., 1985, Rao et al., 1991), and calorimetric measurements
(Privalov, 1982). A dimer of molecular weight (Mw) of 340,000 daltons, fibrinogen

consists of three pairs of nonidentical polypeptide chains and two pairs of oligosaccharides.

The Mw of the Aa chain is 66,066 (610 residues), BB chain 52,779 (461 residues), y
chain 46,406 (411 residues) (Shafer and Higgins, 1988), and each oligosaccharide 2,404
(Langer, 1988). There are a total of 29 interensemble, interchain, and intrachain disulfide

bonds, three of them jointing the two half molecules into a whole (Doolittle, 1994, Smith,

1984). Fibrinogen is converted to fibrin by thrombin which cleaves fibrinopeptide A 1-15

A A = By B R LT S e
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from the Aa chain and fibrinopeptide B 1-14 from the B chain. The three non-identical
chains are descendents from a common ancestor (Doolittle, 1994); there is some homology
among the amino-terminal (N-terminal) thirds of all three chains (15% between any two)
(Watt et al., 1979). For the carboxyl terminal (C teminal) 2/3 ends, while there is little
homology between the Aa chain to any other two, the sequences of the BB chain and y
chain are about 40% identical (Doolittle, 1992). The negatively charged and hydrophilic
carbohydrate moiety may contribute a repulsive force between fibringen or fibrin
molecules, enhancing the solubility of fibringen and inducing fibrin to assemble into a
normal clot (Townsend et al., 1982, Langer, 1988). They do not, however, have a large

contribution to clottability (Nishibe and Takahashi, 1981).

There is no detailed experimental data on the secondary and tertiary structures of
fibrinogen, as native fibrinogen has not been crystallized in a form suitable for X-ray
diffraction. Measurements by CD, Raman spectroscopy, and FTIR indicate that the native
molecule contains about 35% a-helix, 10-30% B-sheet, and 14% B-turn (Doolittle, 1992,
Azpiazu and Chapman, 1992). The secondary structures of the y chain has been predicted
by Doolittle (1992) using homology methods.

The major structurally distinguishable regions of fibrinogen are (Fig. 1): a lone
central E domain, two distal D domains, two « helical coiled coils, two aC domains, and a
pair of junctions between the coiled coil and the aC domain. In the literature, the aC
domain and the junction are considered as the aC domain (Medved et al.. 1985). The E
domain contains all the N terminal ends of the six polypeptide chains linked by disulfide
bonds. This domain is also called N disulfide knot (N-DSK). The D domain consists of the
C terminal ends of the B and the y chains, and a small portion of the Aa chain. The coiled

coil, made of three a-helices, connects the C domain to the E domain. It is interrupted in
the middle by a small non-helical, plasmin sensitive region (Doolittle et al., 1994, Weisel

and Papsun 1987). In the context of this paper, the aC domain contains only the C terminal




third of Aa chain (391-610). The middle third of Aa domain (200-390) connects the C
terminus of the coiled coil (Medved et al., 1983) and the aC domain. Although this region
has no definite domain structure (Weisel and Papsun 1987, Plow et al., 1983, Doolittle,
1990, Medved et al., 1983), we call it the oM domain (M standing for middle), in
comparison with the aC domain, for convenience. As will see later, the striking difference
between these two domains is their hydrophobicity. The masses are 32,600 for the E

domain, 67,200 for the D domain, 42,300 for the 2/3 aC chain, and 39,100 for the coiled

coil (Doolittle, 1984).
Fig. 2 shows the occurrence of the three chains in the different domains and

subdomains for a half molecule (Litvinovich and Medved, 1988, Plow et al., 1983); and
the sites of carbohydrates attachment (Doolittle, 1994) are also shown. There are four
proteolytically splittable subdomains in the D domain, two of which are formed by the Bf
chain and two by the y chain (Medved et al., 1986, Rao et al., 1991, Doolittle, 1992). The
defined E or C domains are molecular domains in a fibrinogen molecule. They are not
equivalent to fragment E (Mw 45,000) or D (Mw 100,000), degradation products from
plasmin digestion, as the latter contain part of the coiled coil residues in addition to the
corresponding domains (Azpiazu and Chapman, 1992). For example, fragment D contains
the D domain plus part of the coiled coil residues (Aa 105-197, B 134-461 and y 63-411)
(Litvinovich and Medved, 1988, Cierniewski, 1986a). Fibrinogen is susceptible to plasmin
cleavage, producing different sized fragments depending upon the digestion conditions
(Medved et al., 1986, Marder and Budzynski, 1975, Nieuwenhuizen, 1986). The plasmin

cleavage sites along individual chains have been illustrated (Henschen, 1983).

Structure and properties of individual chains and domains

We propose that the surface properties of a global fibrinogen molecule are largely

determined by its individual domains since they are separated and presumably behave more
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or less independently during adsorption (Andrade et al., 1990). This domain approach is,
of course, oversimplified, as the individual domains actually do not act alone.
Nevertheless, our analysis will provide some important insight into this fascinating protein.
Net charge. Fig. 3 shows the net charges of individual domains of fibrinogen at pH
7.4. The data are calculated according to the amino acid composition of each domain,
assuming that the charge of Glu and Asp is -1, Lys and Arg +1, His +0.33 (an average
value for His), and the charge of carbohydrate. Since the ionization of His at pH 7.4
depends on the local enviornment (Stryer, 1981), we assume that one out of three His
residues bears a unit positive charge (Doolittle, 1979). The values are an approximation
because of the uncertainty of the charge of His and of the exact positions of chargeable
residues (Andrade et al., 1990). According to the results of pH titration, fibrinogen bears a
net charge of -7 at pH 7 (Valerio et al., 1987), which is close to our calculated value: -10.
As can be seen from Fig. 3, the E and D domains are negatively charged while the
aC domain is positive. Neither the D nor aC domains have high net charge, though. The D
subdomains have different net charges: both the BB and y chains have net negative charges
in the subdomains of their N terminal ends, but net positive charges in those of their C
terminal ends. In cases where electrostatic interactions play a major role (usually on
hydrophilic surfaces), fibrinogen may orient its appropriate domains to interact with the
surface, depending on the charge of the substrate. For example, the D (or less probably E)
domains, due to their negative net charges, may be favored to adsorb on positively charged
hydrophilic surfaces. The slightly positively charged aC domain should be favorably
attracted to negative surfaces. Even though the global fibrinogen molecule has a net
negative charge (-10), a negative surface may be able to electrostatically adsorb it via the
aC domains. This may be the mechanism for fibrinogen adsorbed from plasma onto
negative surfaces like glass. For the same reason HMWK and Hageman factor can

effectively displace already adsorbed fibrinogen from glass (Tengvall et al., 1992), because




both have domains with much higher positive charges, so both have much stronger

interactions with glass. Fig. 4 clearly show a high density of positive charge region along

the peptide chains of HMWK and Hageman factor, compared with the chains of

fibrinogen. Low molecular weight kininogen (LMWK) does not have this region and, as
expected, can not displace fibrinogen from glass.
Structural stability. Fig. 5 shows the thermal denaturation temperatures of fibrinogen

at pH 8.5 (Privalov, 1982). The E domain and coiled coils are thermostable whereas the D
and aC domains are thermolabile, suggesting that the D and aC domains have lower

structural stability (Wahlgren et al., 1993). The D and aC domains are thus "soft" domains

(Arai and Norde, 1992; Wei, et q_l,), readily changing their conformations due to

;n-cchanica] shear or the presence of surface. Such potential for structural rearrangement
may provide the domains with the ability to maximize their contact area and to optimize
interaction with the surface during adsorption (Norde, 1986). As Fig. 6 illustrated, the Aa
chain in the aC domain is very flexible, especially in the aM domain, thanks to the
predominant hydrophilic Ser and Gly residues (Doolittle, 1979). The softness of the aC
domain may explain its disappearence from electron microscoic images; the microscopic
substrate may have severely denatured the aC domain. Structural adaptivity of proteins is a
very important parameter contributing to the adsorptivity. Both the D and aC domains
should be more surface active than the other domains due to their tendency to
conformationally alter (Norde and Favier, 1992, Wahlgren et al., 1993).

Hydrophobicity. Fig. 7 plots the hydrophathy of three polypeptide chains according
to the Ponnuswamy scale (Ponnuswamy, 1993). The hydrophobicity order is y chain > BB
chain > Aa chain. There are of course differences in the hydrophobicity among the three
domains, due to the local hydrophobicity of the chains in different domains. The E and D
domains apparently have comparable hydrophobicity, the aC domain is slightly more

hydrophilic, and the aM domain has the highest hydrophilicity, which perhaps gives the C
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terminal third of Aa chain the ability to freely "swim" and move around in an aqueous
envirc‘);f'hcm. Yet the aC domain does have hydrophobic components which may result in
associétions between these domains or with the E domain (Medved et al., 1983). The
hydrophobicity differences among the domains may also determine which domain is more
favorable for adsorbing on a particular surface. The hydrophobic, soft D domain should be
preferentially adsorbed onto hydrophobic surfaces via hydrophobic interactions, resulting
in stronger adsorption. Both the D domain and aC domain may be involved due to their

structural flexibility, in addition to their hydrophobicity.
The diversity of the hydrophobicity among the fibrinogen domains may be

responsible for some confusion in the literature. There are very different results on the
hydrophobicity of global fibrinogen, depending on the measuring techniques and thus what
was measured. Absolom et al. (1987) claims that fibrinogen is more hydrophobic than IgG
and albumin. The chromatographic data of Kibing and Reiner (1978) agree. The
polar/nonpolar ratio of amino acid residues calculated by Paul et al. indicates that fibrinogen
is more hydrophilic (Paul and Sharma, 1981). Through contact angle measurements, van
Oss shows that fibrinogen is very hydrophilic (van Oss, 1990).

»
Immunogengil\; and surface topography

Fibrinogen is a very active antigen and can elicit and bind to a large number of

antibodies (Plow and Edgington, 1982). It is estimated that a single fibrinogen molecule
can accommodate about 35 antibodies simultaneously at binding saturation (Telford et al.,
1980). The exposure of individual chains to the solution can be detected by their ability to
bind antibodies, for either native or conformationally altered fibrinogen. Fibrinogen has
two kinds of epitopes: exposed epitopes on the surface of the native protein and "buried"
(latent) epitopes that do not bind to their antibodies unless the native molecule is

conformationally changed as a result of proteolysis, adsorption, or other perturbation




(Shiba et al., 1991, Plow and Edgington, 1982). Here, the term "buried" does not
necessarily mean not in contact with solution: rather it means not accessible to antibodies,
due to a variety of factors, including steric hindrance. As Fig. 8 indicated, the Aa chain is
the most surface exposed and readily cleaved by a wide variety of proteases (Plow et al.,
1983, Henschen, 1983, Fair et al., 1987, Ugarova et al., 1993, Zamarron et al., 1990,
Schielen et al., 1991). The y chain is the least exposed (Plow et al., 1983, Tanswell et al.,
1979), hidden in the E and D domains, and in the coiled coil (Cierniewski and Budzynski,
1987). Only 10% of antibodies raised to fibrinogen are against the y chain (Plow and
Edgington, 1982). A picture (Fig. 9(A)) of the accessibility of the three chains in native
fibrinogen can be produced by analyzing their binding activity to a variety of antibodies
(Tanswell et al., 1979, Plow and Edgington, 1982, Cierniewski and Budzynski, 1987,
Fair et al., 1987, Ugarova et al., 1993). The exposures of domains can be ranked as
highest for the aM domain, followed by the aC domain, then the D domain, with the E
domain last. The coiled coil is very inactive in binding to antibodies in native fibrinogen.
Interestingly, once fibrinogen is perturbed, this region seems to express more neo-epitopes
than any other domain, whereas the aM domain has probably the fewest changes (Fig.
9(B)).

Immunochemical analysis is a sensitive tool to interrogate allosteric effects among the
domains. Delicately balanced in structure, the global fibrinogen molecule has an amazing
ability to respond by local structural alterations. For example, when fibrinogen is converted
to fibrin, some latent epitopes of the y chain of the C domain become expressed. That
suggests that the information of the conformational changes induced at the N termini of «
and B chains in the E domain is transmitted to the Y chain of the C domain (Zamarron et al.,
1990). Reversibly, Ecmm'a] of the C terminal end of the Aa chain in the «C domain will
bring about conformational rearrangement of the central domain (Cierniewski et al., 1979).

These phenomena suggest a model that in different environments domains have frequent
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conformational interactions and communication (Plow et al., 1983, Fair et al., 1987). They
function cooperatively and are not totally independent in action (Privalov, 1982). The

coiled coil is likely a conduit for the transmission of allosteric changes from one domain to

another (Plow et al., 1983).

Platelet binding sites

Native fibrinogen can bind to stimulated platelets, e.g., by thrombin, collagen, or
adenosine diphosphate (ADP) (Phillips et al., 1988). Conformationally perturbed
fibrinogen, e.g., through enzymatic cleavage or surface immobilization, can also bind to
unstimulated fibrinogen. The binding often activates the bound platelets (Elam and Nygren,
1992). The fibrinogen molecule possesses six platelet binding sites (Fig. 9); all likely share
common or mutually exclusive sites on the membrane glycoprotein IIb-I1la (Plow et al..
1987, Phillips et al., 1988, Lam, 1986, Mohri and Ohkubo, 1993b, Andrieux et al.,
1989). Three different pairs are located at the D domains (C terminal of y 400-411), the two
aC domains (RGDS of Aa 572-575), and the two coiled coils (RGDF of Aa 95-98),
respectively (Savage and Rugger, 1991).

While the RGD sequence is a ubiquitous cell recognition region (Berliner et al.,

1988), some cells like endothelium do not recognize y 400-411 (Cheresh et al., 1989). The
RGDF Aa 95-98 region in native fibrinogen is not available to unstimulated platelets
(Savage and Rugger, 1991). Even on adsorbed fibrinogen, this site may still not be
acccss.ible Or not active enough, as unstimulated platelets do not attach to immobilized
fragm;’m E on some surfaces (Savage and Rugger, 1991), probably because the RGDF
sequence is constrained by fanking residues and thus not accessible to the cell receptor
(Cheresh et al., 1989, Hawiger et al., 1989). The RGDF sequence can be implicated in
binding ADP-stimulated platelets (Andrieux et al., 1989). The RGDS sequence Aa 572-

575 of immobilized fi brinogen actively participates in binding to unstimulated platelets,




together with C terminus y 400-411 (Savage and Rugger, 1991). The binding can lead to
platelet activation, including aggregation and secretion (Shiba et al., 1991, Ugarova et al.,
1993). Both regions also directly interact with ADP-activated platelets (Hawiger et al.,

1989). Although both the Aa and y chains support platelet aggregation, the Aa chain is

only 20-25% as effective as the y chain, and the RGD sequences of fibrinogen are thought
to be not essential to this process (Farrel, 1992). In fact, the Aa chain of fibrinogens of
some species do not have the RGD sequence at all (Murakawa et al., 1993). This does not
mean that these Aa chains do not bind to platelets, however. They may bind to platelets via
different sequences, like the C end of the y chain. It has been speculated that all these cell
sequences in a fibrinogen molecule cooperatively enhance the affinity of fibrinogen for

platelets (Mohn and Ohkubo, 1993b).

Such a broad -distribution of many cell binding sites may have more than a
cooperative M(Eng t9}. Their presence is perhaps to ensure that fibrinogen preserves
its cell binding ability under different circumstances. Evidence shows that the native, or
near native, tertiary structure is essential for fibrinogen to bind to platelets (Shiba et al.,
1991, Chinn et al., 1992, Rapoza and Horbett, 1990, Lindon et al., 1986), or for
expression of its polymerization sites (Cierniewski et al., 1986). Severely denatured
fibrinogen no longer binds to platelets. Since the platelet binding regions are spread
throughout the molecule on different domains, fibrinogen is able to bind to platelets via
different domains whenever they are available and intact. This multi-binding ability allows
adsorbed fibrinogen of various adsorption states to interact with platelets in various
adsorption states. Located on different domains with different surface properties, some of
the platelet binding sites are likely protected from alteration by surface induced
denaturation. Only certain domains are favored by a particular surface because their surface

characteristics complement those of the surface (hydrophibicity, charge, hydrogen

bonding, etc.). These domains are adsorbed and probably denatured, anchoring fibrinogen
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on the surface. Other domains not directly interacting with the surface have their platelet
binding sites intact. The cooperative functioning among the domains enables fibrinogen to
interact with platelets while adhering to a surface. Depending on the type of surface,
immobilization can be provided by a particular domain and platelet binding by another one.
For instance, on glass it is likely that the aC domain adheres to the surface and the site on
the D domain binds to platelets. On a hydrophobic or positively charged surface the D
domain more likely adsorbs to the surface, leaving the aC domain free to interact with
platelets. Again, the information of an adsorbed domain can be transmitted to a remote non-
adsorbed domain activates its cell binding activity.

The platelets' binding process can be fast, while surface-induced denaturation can be

slow. Immobilized fibrinogen may have bound to platelets and activated them prior to full
scale denaturation of the adsorbed protein. That is probably why adsorbed fibrinogen can
bind to platelets, before it is severely denatured. Some surfaces with microphase separation
(Elam and Nygren, 1992), with balanced polar and non-polar character (Tengvall et al.,
1992, Mori et al., 1986), or with high protein affinity tFeng-and-Andrade,-in-preparation)—
have better blood compatibility, as they can interact with different domains of fibri nogen,

destroy the binding sites, and thus neutralize fi brinogen's ability to bind to platelets.

Importance of the C terminal 2/3 Aa chain (aC chain)

Fibrinogen is usually considered to have a trinodular shape, the two distal D domains
connected to the central E domain by the coiled coils, probably because only three nodules
are readily seen by electron microscopy (Mosesson et al., 1981, Gollwitzer et al., 1983,
Weisel, et al., 1985, Beijbom et al., 1988), although the aC domains are often near or on
the E domain (Veklich et al., 1993). Nodules produced by the aC domains can
occasionally be observed (Weisel, et al., 1985, Rudee and Price, 1981), however. As

Rudee and Pric (1981) indicated, visibility of the aC domain strongly depended on the
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sample substrates used. In contrast to the f and y chains, the aC domain, and certainly the

aM domain, are given less attention (Doolittle et al., 1979, Medved et al., 1985).

The a chains vary considerably among species, but their overall structures are similar
(Doolittle, 1990, Murakawa et al., 1993), indicating they may play important roles.
However, the biological function the aC chain, often called the protuberance or free
swimming appendage, has not been clearly defined (Hirschbaum and Budzynski, 1988).
The aC chain is not considered as a structural component for the formation of a fibrin clot,
but it may be a factor promoting (Medved et al., 1985, Cierniewski and Budzynski, 1992),
branching (Weisel and Papsun 1987), and stabilization (Koopman et al., 1993) of the
normal assembly of fibrin structure. The fibrinogen with the aC chain portions deleted by
plasmin digestion, called fragment X, shows retarded polymerization and lower clottability
(Medved et al., 1983). From consideration of the ‘aidsorption of_‘ ﬁ_b‘rin‘ngen at solid-water
interfaces, we discovered that the C domain has éw:jn inte-;f;st;ﬁg Eropertics that may
be at least partly responsible for the surface activity of fibrinogen.

The confromation of the aC chain protuberance has not been completely solved.
Although the aC chain seems to have neither a-helix nor B-sheet (Doolittle,R.F., 1994),
the aC domain shows a compact structure (Weisel, et al., 1985,), with a defined thermal
denaturation temperature (Privalov, 1982, Medved et al., 1983). Due to its high
hydrophilicity and low intramolecular cohesion, the aM domain provides high solubility,
flexibility and mobility in solution. The aC domain is relatively hydrophobic. Analysis of
its residues indicates that the aC domain contains a contrast feature: a hydrophobic (Aa
470-520) region and a hydrophilic (Aa 550-610) region (Fig. 7).

The aC domain is seemingly "eager" to interact with another aC domain and with
other surfaces (Doolittle, 1979, Veklich et al., 1993), increasing the lateral interactions
between fibrinogen molecules (Bagnall, 1978, Lensen et al., 1984). Electron microscopy

reveals that a free 40,000 aC fragment cleaved by plasmin can bind to the aC domains of

19

B ST S e

T i e i A TR ST T

bRl

L

i AT i

T e it s I

e

fibrin (Veklich et al., 1993). It is reported that the aC domains have a complementary site
so that they can be strongly tied together intra-molecularly (Privalov, 1982, Medved et al.,
1983 and 1985, Siebenlist et al., 1993), forming a super aC domain (often seen as a fourth
domain in electron microscopy (Weisel, et al., 1985). They also bind to the corresponding
regions inter-molecularly, bringing individual fibrinogen or fibrin molecules together,
guiding fibrin monomers to polymerize, and perhaps regulating the structure of fibrin clots
(Medved et al., 1985, Weisel and Papsun, 1987). Covalent bonding between two aC
chains from two fibrin molecules through Factor XlIIlIa further stabilizes fibrin polymers
(Weisel and Papsun, 1987, Sobel, 1990). The aC domain can attach to the E domain,
producing an apparently larger central domain (Gollwitzer et al., 1983) and blocking the
antibody accessiblity of the y chain in the E domain (Plow et al., 1983) (Fig. 1). Because
of its protruberant, uncertain position releted to the bulk molecule, the aC chain prevent™>
fibrinogen from crystallization. Only after the aC chain is dcleledé can the modified T
fibrinogen crystallize (Weisel, et al., 1985).

Association of the aC domains between fibrinogen molecules may be responsible for
its susceptibility to precipitation and thus its low solubility (Young et al., 1988a). The
interaction between aC chains can also enhance lateral interactions among adsorbed
fibrinogen molecules, as adsorbed fibrinogen tends to show a uniform film (Murthy et al.,
1987). Although the aC chain is more hydrophilic, fibrinogen actually becomes more
soluble in an aqueous solution with part of the aC chain cut off by plasmin. The cleavage
starts at the C terminus of the aC chain and gradually extends towards the N-terminus,
producing modified fibrinogen with the aC chain of different lengths, including zero. The
longer the aC segment chopped off, the higher the solubility of the modified fibrinogen
(Mosesson, 1966 and 1983).

We think that the aC chain behaves as "pioneer" or "scout" for adsorption of

fibrinogen. The aM domain has high flexibility and mobility, permiting high collision




frequencies of the aC chain with a surface. The aC domain readily alters its conformation
due to the high structural adaptivity (softness); it has a tendency to adhere to a surface due
to the hydrophobic and hydrophilic regions and can interact with negatively charged
surfaces due to the net positive charge. The two domains are both indispensible to the
stickiness of fibrinogen: the aC domain perhaps serving as the anchoring group and the
aM domain providing the aC domain with a high collision rate. Studies indicate that the
aC portions show a considerable homology among species (Murakawa et al., 1993).
Although the oM portions show variability in sequences among species, the nature of their
tandem repeats are conserved, differing only in their repeat lengths (Doolittle, 1990,
Murakawa et al., 1993). The aM domain can also locally associate with itself or with the
oM domain of another molecule. This segment possesses an accordion structure composed
of a series of tight turns, a series of imperfect 13-residue repeats. Most of the B-turns
contain a Trp residue at the fourth position, which acts as a "meager toe-hold" for inter-
chain interaction. It is proposed that the stickiness of the aC chain is due to the exposure of
"caged” Trp residues on the Aa chain (Doolittle, 1979 and 1990). Fibrinogen is seen to
attach to the solid surface by one end in a solution droplet, extending in the direction of the
receding edge as the droplet continues to dry, suggesting that the aC domain is the first to
adhere to the surface (Rudee and Price, 1981). Sometimes presumed dimers on hydrophilic
silica may actually be single fibrinogen molecules with the aC Chainé;zrclchcd from the D
domain (Nygren et al., 1992). In addition to electrostatic forces, the interaction between a
hydrophilic surface and the hydrophilic aC chain may be due to the formation of hydrogen
bonds between their mutual hydrophilic groups.

According to the above discussion, a number of predictions can be made. The
interaction between the aC domain and a surface may not be strong as the chain is neither
very hydrophobic nor very positively charged. Fibrinogen adsorbed on a surface via its aC

domain alone can be readily displaced by other surface active proteins (Slack and Horbett,
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1992), or eluted by sodium dodecyl sulphate (SDS) (Chinn et al., 1991 and 1992). This is
perhaps related to the Vroman effect, because initially only the aC domain contacts the
surface. Hydrophobic surfaces have a stronger retaining power through hydrophobic
interactions with the aC domain, showing a less clear Vroman effect (Tengvall et al.,
1992). Only when other domains later begin to adhere to the surface does fibrinogen
adsorption become increasingly strong, reducing its displacement and elutability.
Coexistence of albumin in solution can inhibit this process and thus slow down the
decrease in SDS elutability (Chinn et al., 1991 and 1992). At low plasma concentration,
fibrinogen has sufficient time to interact with the surfaces [hrouglxlll of its domains except
for the aC domain, due to the small rate of collision. Thus the surface concentration
increases with the plasma concentration. When the plasma concentration is high enough,
the high collision rate of the many plasma proteins prevent fibrinogen from contacting the
surface through domains other than the aC domain. Such adsorbed fibrinogen can of
course be easily displaced, resulting in a decrease in surface fibrinogen with increasing
plasma concentration. This is likely what happens in adsorption isotherms of fibrinogen as
a function of plasma concentration. Strong interactions of the aC domain with a surface
may be responsible for enhanced blood compatibility. Despite more fibrinogen adsorbed,
sulfonated polyurethane has a longer thrombin time (Santerre et al., 1992, Silver et al.,
1990). In addition to the suspected heparin like behavior of the sulfonated polyurethanes,
the interaction may cause a change in adsorbed fibrinogen and increase its resistance to

§

We further suggest an important inference from the above discussion. Very large

thrombin attack. ¢+

proteins often possess high surface activity compared with small proteins. However, mass
is not necessarily the major driving force. For example, adsorbed fibrinogen (Mw
340,000) can be displaced by Hageman factor (Mw 78,000) &g&'glass (Tengvall et al.,

1992), or by hemoglobin (Mw 64,650) ffé;l\'scveral surfaces (Horbett, 1984). What really




happens is that high Mw proteins usually contain highly diverse structures and1mullidomain
Zorganization. These characteristics offer them the necessary ingredients for high surface
activity, such as structural flexibility, high charge density, hydrophobicity, etc. As we have

seen, the higher heterogeneity of structure can result in higher surface activity, as It

provides the opportunity for proteins to optimize their interactions with surfaces.

CONCLUSIONS

Fibrinogen i1s a \:::fr;:sn;ﬂi-\ built molecular machine. Its primary and domain
structures dictate its physicochemical (including interfacial) properties, which are important
in fullfiling its physiological and biochemical functions in hemostasis. It contains domains
which ensure rapid, strong interactions with non-biological surfaces. Fibrinogen is not
very hydrophobic (Jennés’%n, personal communication) S0 it has a relatively high
concentration in blood, but it is surface active enough to accumulate at an interface. Another
characteristic is its ability to cooperatively change conformation, providing a sensitive
structure to "sense” the presence of foreign surfaces and to react to such surfaces. Still
another property is its ability to activate platelets through adsorption, while being only
slowly inactivated by the presence of surfaces. By considering fibrinogen's "intelligence"
and "stubbornness", we should be able to fool or disable fibrinogen, or other proteins by

designing biomaterials with approriate surfaces for better blood compatibility.

CONCLUSIONS

We thank the Center for Biopolymers at Interfaces, University of Utah, for

supporting this work.
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FIGURE CAPTIONS
Molecular model of fibrinogen and its individual domains.
Peptide segments that are included in individual domains of human fibrinogen.
Net charges on individual domains and subdomains.
Charge distributions along three polypeptides of human fibrinogen Ac chain,
human HMWK, and human Hagemen factor (Factor XII). The charge of His is
shown as +1. HMWK and Hagemen factor have very dense positive charge
between 400 to 510 and 290 to 400, respectively.
Thermal denaturation temperatures of fibrinogen.
Flexibility of human fibrinogen Ac chain, computed using Ragone et al. (1989)
scale.
Hydropathy of three polypeptide chains of human fibrinogen, computed using
Ponnuswamy (1993) scale.
Antibody exposures of three polypeptide chains of human fibrinogen.

Epitopes of fibrinogen on both native (A) and conformationally altered

molecules.
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The calibration curve (Fig. 4) obtained by the NPM agrees with Min’s data’
and predicts a linear range from 1 nM up to about 100 uM. Higher [NADH] results
in enzyme saturation for [BL] used, The lower limit of the NADH linear range from
Min's data is related to detector sensitivity and background signal. We scanned
different [RCHO] from 0.06 mM to 600 mM to simulate the RCHO inhibition using
the NPM with the same reaction conditions in Fig. 4 except the initial [NADH] at
10 uM. We obtained a light intensity maximum at [RCHO] 6 mM, which agrees with
the experiment. This shows that the Baldwin ef @/ model rate constants 1 are
appropriate for our conditions.' Other conditions such as the ratio of OR/BL are also
very important.’

Other'than peak height, there are initial rate and inlegration over a cerlain time
period as parameters to analyse the calibration. We also evaluated the effect of [BL]
on the light output profile. [BL] was scanned from 1 pM to 100 pM. The light
intensily peak height is proportional to the [BL] in this NADH concentration range,
But the shape and the decay of the emission kinelics are the same.

In conclusion the NPM simulates the NADH-> FMNH, > light reaction kinetics
and it fits with certain experimental data and provides a meaningful calibration
curve. The NPM provides a basis for the modelling and simulation of analyte-
specific bacterial bioluminescence —based biosensors. We are continuing to revise
and optimise the NPM for different analytical conditions.
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INTRODUCTION
We are developing devices using bioluminescence-based reactions to measure
metabolites in bio fluids. Our NADH sensing platform involves NADH, FMN,
RCHO, NADH-flavin mononucleotide (FMN) oxidoreductase (OR, Fibrio fischeri),
and bacterial luciferase (BL, Vibrio harveyi). Here we present a practical NADH
platform model (NPM) and its simulation:
NADH + FMN MNADH-flavin oxidoreduc lase FMNH2 + NAD
FMNH2 + RCHO + 02 —titertl heifersse , g | jight + ROOH + H20

The reaction coupling analyte to NADH is (where A and B are the reduced and

oxidized form of the analyte respectively):
A+NAD <> NADH+B

Min used a common first order reaction to model FMNH, production.’
Baldwin et al. showed a detailed model of the BL—catalyzed light emitting reaction.?
Tu ef al. presented a scheme for the OR catalysed reaction producing the needed
FMNH, to “feed” the light emitting reaction.” Based on Baldwin ef al. and Min’s
model and rate constants, a simplified NPM was constructed using Gepasi."

METHODS

Gepast simulates the kinetics of systems of biochemical reactions. Given the
individual reactions, rate constants and initial condition, concentrations are
calculated as a function of reaction time. The light output is proportional to the
instantaneous light emitter species E’-FMNHOOR.

RESULTS AND DISCUSSION

We begin the simulation by analysing the FMNEH, production. Although there is a
detailed model from Tu ef al.,’ we chose Min’s method' because it is simple and
accurate enough for our simulation, whose focus is the engineering of biosensors:

NADH —kl—) NADH * —kL(%L) FMNH2 —memecmmceaneee Scheme 1

NADH* is the concentration of NADH after mixing, k, in the first step
represents the time delay (0.018 s') obtained from fitting our whole NPM. The
second step is catalysed by OR and k, = A* [OR)/ Km where A is the specific
activity of the OR (U/ mg, 1U = 1.67 * 10° mol*s', 18 U for OR), [OR] (brackets
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represent concentrations) (10 pM) and Km (Michaelis constant for NADH) 50 pM.'
So the rate constant k; is 1.5 s, The [FMNH,] varying with time is shown in Fig. 1.

2

1.6
1.2
0.8 -

[FMNHZ] [nM]

0 A - — - — I' n
0 30 60 90 120 150 180
Time (s}

Figure 1. [FMNIH;] varies with reaction time (including FMNE, auto oxidation
FMNH, = FMN) and rate constant is 4.7 s
Initial condition: [OR] 10 pM, [NADH] 1 pM.

To couple the FMNH, to light emission, there are different hypotheses about
how FMNH; is utilized by BL.*> ? Here we focus only on a quantitative simplified
estimate of light emission where the detailed steps are included in combined rate
constants, We begin the simulation by building the Baldwin ef ¢/. BL light-emitting
model (Fig. 2).> The RCHO inhibition of the model agrees with Baldwin et al. data.”
The error is less than 5% (not shown here), which means our simulation is
reasonably correct.

BL-RCHO FMN +H,0,
l{(.‘f{OH
FMNH, 0
BL <—> BL-FMNH,$<——=> BL-FMNH, =——= BL’-FMNHOOH
RCHO RCHO
(2) 03
FMNHy —> [ Y] BL-FMNH-RCHO = BL-FMNHOOH-RCHO |

ﬁ]ﬂ
FMN <—— BL-FMNHOH & BL'-FMNHOOR
RCHO
BL'-FMNHOH-RCHO

‘ J : ; 2
Figure 2. Bioluminescence reaction scheme.
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Then we directly coupled FMNH, production (scheme 1) to Baldwin’s model

(Fig. 2), whose experimental conditions are given and compared to Min’s value in
parenthesis: [0,] 120 pM (300 pM, estimated), [BL] 75 pM (10 pM), [FMNE,] 15
pM (less than 1.6 nM), [RCHO] 100 mM (6 mM). The NPM was finalized by the
following 2 adjustments. The rate constant of reaction (1) (Fig. 1) was modified from
1.1 5" to 0.018 s, Reactions (2) and (3)(Fig. 2) were combined to give FMNH, -
FMN and the rate constant is estimated as 10 . The light profile produced by the
NPM and Min’s data' are compared in Fig. 3.

00—

e
(=]

3

3 Min's data
- —NPM

Light output
(relative light units [RLU]
e

o

b
=]

=! : il
8] 30 50 90 120 160 180
Time (s)

(=]
|

Figure 3. Comparison of light output profiles. Conditions for both: [OR] 10
pM, [BL] 10 pM, [NADH] 1 pM, [0,] 300 uM (estimated) and total assay
volumes 250 pL. Note: These experimental conditions are constant for all of
our simulations in order to compare with Min’s data.'

From Fig. 3 the simulated kinetics are about 2s slower. The reason is in our
model we have to compromise between treatment of the delay time and decay
kinetics. The NPM was used to obtain the simulated NADH calibration curve, Fig. 4.
The conditions are the same as Fig. 3 except for [NADH]. The validity of the NPM
under other experimental conditions is being evaluated.

100000 — =

10000 e

1600 o
10

4 dpoiiin

—=-Min's data
<= NFPM

light intensity Max.

0.1 ——r ; it
1.E-02 1.E+00 1.E+02 1.E+04 1.E+06
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Figure 4. NADH calibration curve predicted by the NPM.
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